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Abstract

Resin based restorative composite materials are widely used for restoring both anterior and
posterior teeth. Their major drawbacks, however, include complex bonding procedures,
polymerisation shrinkage and potential for bond failure ultimately resulting in bacterial
microleakage, recurrent caries and pulpal inflammation.

This project’s aim was to characterise self-adhesive, antibacterial releasing, remineralising
and high strength dental composites. The new composites contain UDMA as a bulk
dimethacrylate monomer and PPGDMA as a high molecular weight diluent monomer instead
of conventional Bis-GMA and TEGDMA respectively. NTGGMA adhesive co-initiator was
added instead of DMPT. Adhesion promoting monomers 4-META or HEMA (5 wt %) were
also included to enhance bonding to dentine (ivory). The monomers were combined with
silane treated glass filler. This glass was mixed with total calcium phosphate levels (MCPM
and TCP of equal mass) of 0, 10, 20 or 40 wt %. Furthermore, CHX and glass fibre were each
included at 5 wt %. The powder liquid ratio was 3:1 by weight. Commercial dental
composites Z250, Ecusphere and Gradia and experimental formulations with 4-META or
HEMA and solely 100 wt % glass particles were used as controls.

The degree of conversion after 20 s light cure was determined by FTIR. Cure data was used
with the composite compositions to calculate the polymerisation shrinkage. The depth of cure
was measured using ISO 4049. Subsequently, the mass and volume change and CHX release
upon water immersion were determined over 5 and 4 months respectively. The mechanical
properties biaxial flexural strength and modulus were determined dry and after 24 h, 7 days
and 28 days immersion in water. The adhesion properties were assessed using a push out and
shear test. Dry and hydrated ivory dentine with and without phosphoric acid etching for 20 s
were investigated. The experiential formulations had ~ 77 % conversion as compared to ~ 50
— 60 % for commercial composites. The polymerisation shrinkage was ~ 3.4 — 3.7 % and the
depth of cure decreased linearly with CaP increase after cured for 20 and 40 s. The mass and
volume change and CHX release increased linearly with CaP increase and formulations with
HEMA had higher water sorption and CHX releases compared to 4-META formulations.
Control experimental composites achieved a flexural strength of ~170 MPa with no CHX or
CaP. This decreased with CHX addition or increased CaP. Provided the CaP level was less
than 20 %, however, strength was greater or comparable to Gradia and above 70 MPa even

after immersion in water for 28 days.



The commercial composite exhibited the lowest push out and shear bond strengths to dentine.
Replacement of HEMA with 4-META, increasing CaP, acid-etching or hydration of dentine
and addition of Ibond adhesive, all significantly increased bond strengths between the
composite and dentine.

The new material, with adhesive monomer 4-META and reactive calcium phosphate, shows
potential as a high conversion, antibacterial releasing, high strength and self-adhering
composite, which should reduce restoration failure resulting from shrinkage and secondary
caries. The use of ivory made it possible to determine the differences in bonding capability of

multiple commercial and experimental formulations under wide ranging conditions.
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1. Introduction

Dental caries is a highly common disease which affects adults and children worldwide.
Presently, dental composites are widely used for restoring caries affected teeth and are the
material of choice for dentists and patients. This is primarily due to their excellent aesthetics
(1). Good aesthetics is particularly important for anterior teeth. Amalgam restorations,
however, have better longevity than dental composites particularly for posterior teeth where
strength is more of an issue (2). One study showed the survival level in permanent teeth after
7 years was 67 % for dental composites and 95 % for amalgam restorations (3). Composite
restorations therefore require more frequent replacement and repair at a much higher rate than
amalgam causing further loss of the sound tooth structure. Currently, replacement of tooth
restorations dominates about 60 % of dentist’s clinical time (4).

Dental composites in the past have failed due to low mechanical properties. In the 1990 ‘s
composite flexure strength was ~ 80 to 120 MPa while amalgam restorations have a flexural
strength above 400 MPa (5, 6). Nowadays, recurrent caries is however a more serious issue as
composite strengths have improved. Upon placement dental composites shrink. This
polymerisation shrinkage affects integrity of bonding between the restoration and tooth
structure and result in gaps at the tooth interface (7). This gap allows bacteria and oral fluid to
accumulate between the restoration and dentine, leading to sensitivity, discoloration of the
restoration and secondary caries with continuing tooth demineralisation. In addition
composite restorative materials, exhibit a tendency to accumulate bacteria biofilms more than
other restoration materials (8). This has been attributed to lack of or limited antibacterial
properties and presence of uncured monomer (9). Furthermore, the need to use complex
bonding procedures make composite placement difficult.

There have been many attempts to develop dental composites that are antibacterial, re-

mineralising and self-adhesive but no formulations are as yet ideal largely due to reductions
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in strength. The project aim was therefore to develop unique bioactive dental composites with
better degree of conversion, water sorption induced expansion to compensate for shrinkage,
antibacterial and remineralising agent release, high strength, and the ability to self-adhere to
the tooth structure without a bonding agent as compared to current dental composite.

The proposed composites will contain monomers with potential for higher conversion and
hydrophilic components (e.g. monomers with amine or carboxylic acid groups) that will
encourage swelling as result of water sorption. This process will counteract polymerisation
shrinkage. Moreover, acidic and basic groups at the material surface could enable bonding to
dentine through ionic interaction which may lead to improved composite adhesion. Calcium
phosphate fillers, with the potential to re-mineralise minor defects in the tooth structure, will
also be added. The calcium phosphate has to be more soluble than hydroxyapatite in order to
be released from the set composite. Finally, chlorhexidine will be included to provide
antibacterial action. Combined calcium phosphate and chlorhexidine penetration into the
surrounding carious dentine will provide a mechanism to improve tissue resistance to on-

going enzymatic and bacterial damage. This should help prevent further tooth decay.
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2. Literature review

2.1. Dental caries

Dental caries occurs as a result of bacteria on the tooth surface and subsurface, causing acid
production and localised destruction (10). Dental caries is also related to the high
consumption of dietary foods containing sugar, low saliva flow and low exposure to fluoride
(12). It can be classified as primary or secondary caries. White spot caries (initial caries) is
the first attack of caries on a sound tooth surface (enamel) (Figure 2.1a), whereas secondary
caries is a carious lesion that develops adjacent to or beneath a restorative filling in an old

cavity (Figure 2-1 b) (12, 13).

Figure 2-1: (a) Primary dental caries of posterior molar teeth (b) Secondary caries in premolar
teeth under amalgam restoration (14, 15).

2.2. Prevalence of dental caries

Dental caries is one of the most common chronic diseases affecting both children and adults
globally (16). It affects about 36 % of the entire population (17). The US department of
health has reported a 46 % prevalence of dental caries in children aged between 4 and 11 year
old. With people above 15 years old this rose to 80 % prevalence (18). A UK report indicated
a 31 % prevalence of dental caries in children aged 5 and 91 % in those above 20 years old

(19).
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Toothache and difficulties with eating due to missing or broken teeth have a major impact on
people’s daily life. In 2009, WHO claimed that poor oral health might have an effect on
general health as well as quality of life. Many dental diseases are now also related to various

chronic diseases (16).

2.3. Pathogenesis

Tooth caries occur upon fluctuation in the pH (demineralisation and remineralisation) of the
tooth surface (20). Caries lesion occurs initially within dental plaque. The plaque covers the
tooth area and protects the bacteria from mastication and wear (12). The plaque must be
properly removed to prevent the caries lesion developing (21, 22).

Many types of bacteria responsible for oral diseases have been identified (e.g. Streptococcus
mutans and Lactobacilli) (23). Below a pH of 5.5, demineralisation (the dissolution of the
hydroxyapatite) occurs (24, 25). If the demineralisation is not reversed by remineralisation
the issue can progress to the pulp (24). Once tooth structure has been damaged by caries it

may require restoration (13).

2.4. Factors involved in caries development

Dental caries is a multifactorial disease; the main determining factors of caries activity are the
agent (cariogenic micro-organism), fluoride exposure, diet and saliva. The complex
interactions between saliva structure and secretion, diet, pH fluctuations at different sites of

the tooth determine the rate of initiation and progression of dental caries.

2.4.1. Dental biofilm

A dental biofilm (plaque) is a complex microbial community; it is the aetiological agent for
major dental caries. “Streptococcus mutans and “Lactobacilli”’ have generally been found at

higher concentrations on caries lesions (26). These bacteria produce acid and are categorised
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as acidogenic. Moreover, “Streptococcus mutans” produces extracellular polysaccharides
which help in bacteria attachment to and colonization of the tooth surface. Other bacteria that
are aciduric can survive and grow under acidic conditions. These bacteria, however, make up
less than 1 % of dental plaque (26, 27).

The biofilms can also develop on the surface of different filling restorations. These biofilms
are responsible for secondary caries formation. The cariogenicity of the dental biofilm is
dependent on the type of filling restoration. More cariogenic biofilms have been observed on
the surface of composite than other filling materials such as amalgam restorations (28). This
is mainly due to the lack of or limited antibacterial properties of dental composite
restorations. Moreover, it has been reported that the leakage of un-polymerised resin
monomer from the composites might raise the growth rate of some cariogenic species (29).
Consequently, the composite resins develop secondary caries at higher rates than any other

restorative materials (16).

2.4.2. Dietary factors

Low molecular weight monosaccharides such as glucose and fructose are cariogenic because
they can be easily metabolised by bacteria (30). More complex high molecular weight

carbohydrates such as polysaccharides are less cariogenic (26).

2.4.3. Saliva

Dental caries is affected by saliva secretion level and composition. The buffering capacity of
saliva helps to neutralise the acid produced by bacteria. Furthermore, the fluoride and
calcium phosphate content of saliva can help in remineralisation activity. Once salivary

secretion function is reduced (xerostomia), the risk of dental caries is increased.
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2.5. Tooth Structure

Teeth have two anatomical parts: crown and root, the crown is covered with enamel while the
root is covered with cementum. Enamel provides the hard outer covering of the crown that
allows efficient mastication. Dentine forms the bulk of the tooth. It is located between the
pulp and the enamel and joined to the enamel at the dentine-enamel junction. The pulp is a
soft tissue containing blood vessels, sensory nerves and cells which form reparative dentine
(31, 32). Cementum forms a thin layer covering root dentine; its composition is similar to
dentine having 50 wt % inorganic and 50 wt % organic matrix (33). The primary function of
cementum is to promote attachment of the tooth to alveolar bone by the periodontal ligament

(34).

2.5.1. Enamel

Enamel is the hardest substance in the body; it covers the outer layer of the crown and
produced by ameloblasts. Enamel is the most highly calcified tissue in the human body. It
contains 95 % by weight inorganic hydroxyapatite crystals, 5 % by weight organic matrix and
a small amount of water; therefore, it is less hydrophilic as compared to dentine which has a
higher amount of water. The hydroxyapatite crystals in enamel are closely packed rods
known as enamel prisms or enamel rods (35). These rods are about 5 um in diameter near the
dentine and 8 um on the surface (10). The enamel prisms are exposed easily by phosphoric
acid etching, commonly used in enamel bonding and when removing dentine smear layers
during cavity preparation. Enamel is very brittle with low tensile strength and high modulus
of elasticity making it a rigid structure but the dentine below the enamel acts as a cushion to

help withstand the masticatory forces.
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2.5.2. Dentine

Dentine is a complex hydrated biological composite structure that forms the bulk of the tooth.
It is covered by enamel on the crown and cementum on the root, and provides covering for
the pulp tissue (36). Without the support of the dentine structure, the enamel could fracture
when exposed to mastication forces. Dentine is composed of 70 weight % inorganic
hydroxyapatite crystals or 50 % by volume. Dentine has a higher percentage organic content
(18 % by weight or 25 % by volume) and water content (12 % by weight or 25 % by
volume) as compared to enamel (37). Dentine also contains microscopic channels called
dentinal tubules surrounded by highly mineralised peri-tubular dentine embedded in inter-

tubular dentine (Figure 2-2) (38).

Figure 2-2: SEM images of human dentine tubules (39).

The inter-tubular dentine contains hydroxyapatite embedded in the collagen matrix that forms
the bulk of dentine, and peri-tubular dentine lining of the tubular walls (40). The diameter of
dentinal tubules gradually increases from 0.9 um in diameter near the dentino-enamel
junction (DEJ) to 2.5 um in near the pulp chamber. The number of the dentinal tubules

increased from 20,000 /nm? near the enamel to 45,000 /nm? near the pulp chamber (37, 41).
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Different forms of dentine include primary, secondary and reparative or tertiary dentine (42).
The primary dentine is formed during the tooth development; whereas, secondary dentine is
formed slowly throughout the life while the tooth (pulp) is still vital. However, tertiary
dentine is formed in response to the protective mechanism of the pulp against pathogenic
bacteria or bacterial acid production and trauma or injury. Tertiary dentine is located between

secondary dentine and pulpal tissue (35).

2.6. Demineralisation and remineralisation of tooth structure

The processes of demineralisation and remineralisation are dynamic processes affected by
both the tooth structure and the oral environment. The mineral composition of the tooth
structure (hydroxyapatite) is at equilibrium at pH 6-7 (43). Demineralisation is the process of
removing minerals from the tooth structure and occurs as a result of the pathogenic bacteria
metabolise the fermentable carbohydrates resulting in the production of organic acid.
Moreover, the consumption of acidic food and beverage can lead to a drop of pH below 5.5.
This results in the hydroxyapatite dissolving (12, 24). However, demineralisation can be
reversed by the buffering or restoring of minerals back in the presence of calcium and
phosphate in the oral cavity. When the pH increases to 6-7 the re-precipitation of calcium and
phosphate is enhanced within the demineralized tooth structure. This process is called
remineralisation (11, 44). Furthermore, saliva and regular teeth brushing provide calcium and
phosphate ions diffuse through the tooth surface and increase the rate of tooth

remineralisation. The caries process itself cannot be prevented but can be controlled (45).

2.7. Concept of adhesion

The main mechanism of adhesive bonding to enamel and dentine involves an exchange
process in which there is substitution of inorganic tooth material by resin monomers. This

mechanism can be achieved by two steps. The first step, is to clean the tooth surface and

29



remove the smear layer by application of acid, most commonly, phosphoric acid (46). Second
step, involves infiltration of adhesive monomer which upon polymerisation becomes
micromechanically interlocked with the tooth surface (47). This process results in a hybrid-
layer, that is a few micrometres deep (48). There may additionally be some chemical (ionic
or covalent) bonding between the adhesive and tooth surface (37). The adhesive is

subsequently chemically bound to the composite through monomer polymerisation.

2.7.1. Enamel bonding

The mechanism of adhesion of dental composites to enamel is the micromechanical retention
from the formation of resin tags into the irregular surface created by acid etching (42).
Normally, etching enamel with 30-40 % phosphoric acid for 15 seconds is sufficient for
retention. Appling acid etching to enamel is a standard clinical procedure that results in the
demineralisation of the superficial enamel layers, and creates a rough surface (49). Normally,
acid etching removes about 10um of the enamel surface and dissolves the rods. The effect of
acid etching on enamel surface is dependent on type of acid, acid concentration and the time
of etching.

When a resin monomer or adhesive is applied and infiltrated into the surface, and
polymerised it becomes mechanically interlocked with the enamel structure (46, 50).
Effective adhesion to enamel has been achieved with relative ease and has proven to be

reproducible, durable and reliable in routine clinical applications (51).

2.7.2. Dentine bonding
Dentine bonding is far more challenging when compared to enamel bonding. This is largely
due to dentine being a more heterogeneous and an intrinsically wet substance which makes it

more difficult to be wet by hydrophobic adhesive monomers. Another contributing factor is
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the formation of a smear layer that covers the dentine after cavity preparation with rotary
instruments (41, 52). This can be defined as any debris such as cut collagen fibres and
hydroxyapatite crystals over the tooth surfaces (53). The thickness of the smear layers is
about 0.5 to 2 um, and blocks the dentinal tubules. This leads to decrease in dentine
permeability by about 86 % (54). These layers must be removed to increase dentine
permeability by applying acid etching to allow contact between resin monomer and dentinal
tubules.

Due to the hydrophilic nature of dentine, the combined use of hydrophilic and hydrophobic
resin monomer has been suggested to improve adhesion. The hydrophilic functional group
enables infiltration of the monomer into the dentinal tubules (collagen matrix), enabling
enhanced formation of a hybrid- layer. However, the hydrophobic methacrylate groups

enables bonding to the hydrophobic resin monomer of the restoration (55).

2.8. Current restorative materials

Dental restorative materials have been used to restore the function of decayed and injured
teeth, improve aesthetics or replace missing tooth structure. Restorative dental materials can
be classified according to the principles of application as direct restorative materials and
indirect restorative materials. Restorative materials include direct amalgam, resin composite
and glass ionomer cements (GIC) and are used directly inside the oral cavity to restore the
function of teeth and to increase the aesthetics appearance (56). Whereas, indirect restorative
materials such as indirect porcelain or ceramic , gold alloys and indirect resin composites are

consumed extra orally to damaged or missing teeth (42, 57).

2.8.1. Amalgam restoration

Previously dental amalgam was one of the most important dental filling materials in dentistry.

It has been widely used as a restorative material for decayed posterior teeth during the 20"
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century. In the USA about 100 million people have amalgam restorations (58). Dental
amalgam is produced by combining liquid mercury with alloy. The alloy is a powder and
consists mainly of silver, tin and copper. Zinc and palladium may also be present in small
amounts. The set compound has a high durability, high occlusal load resistance due to high
strength, high fracture toughness, excellent wear resistance and is also inexpensive (36).
Dental amalgam fillings are also known as silver fillings because of their appearance. More
recently, the use of amalgam has declined due to increased demand for more aesthetically
pleasing restorations. Furthermore, due to lack of chemical adhesion cavity preparations for
amalgam fillings require excessive sound tooth structure removal to provide mechanical
retention as they do not bond to tooth surface (59).

Many studies have been conducted on the possible health hazard from dental amalgam use
(60). These studies have failed to demonstrate a deleterious effect of mercury in dental
amalgam on human health (61, 62). The mercury management in dental practice has,
however, become an important issue (63, 64). Upon the placement and removal of amalgam
filling restorations, small amounts of mercury vapours are released, leading to mercury

accumulation in dental staff or discharge to the environmental (65-67).

2.8.2. Glass ionomer cements

In 1970, Wilson and Kent introduced glass ionomer cements (GIC) into dentistry. GICs are
typically set by an acid base reaction between an aqueous polyacrylic acid solution and a
fluoroaluminosilicate glass powder (68, 69). GICs are widely used as luting agents and
mainly for filling materials of abrasion and erosion lesion due to their chemical adhesion to
enamel and dentine (70). They can potentially reduce bacterial microleakage by improving
adhesion to the hard dental tissue and by releasing fluoride. Furthermore, fluoride ions

interact with the tooth surface to form fluoroapatite, which makes tooth less soluble in acids
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produced by cariogenic bacteria (71). Moreover, the coefficient of thermal expansion of GICs
is close to the tooth structure. Thus, they show more dimensional stability compared to resin
composites (72). However, GICs exhibit initial moisture sensitivity, insufficient physical

properties to be used in stress bearing areas, and poor aesthetics (73, 74).

2.8.3. Resin modified glass ionomer cements and compomers

To overcome the drawbacks of GICs, many manufacturers have been developing hybrids of
dental composites and glass ionomer cements to improve adhesion, fluoride release, aesthetic
and mechanical characteristics. These materials can be divided into Resin-modified glass
ionomers cements (RMGICs) and polyacid modified composites (compomers) (75).

In the late 1980s, RMGICs were introduced. These are a combination of GICs components
(polyacrylic acid and water) and a hydrophilic monomer (e.g. HEMA). RMGICs have
superior mechanical strength, a better aesthetic appearance and reduced moisture sensitivity
compared to GICs (76). The major disadvantage of HEMA is increased water sorption, which
leads to plasticity, potentially excessive expansion and dimensional changes (77, 78).
Compomers contain composite components such as Bis glycidyl ether dimethacrylate (Bis-
GMA) with a small amount of acid functional monomers which can attract water and
subsequently react with additional inorganic particles that contain fluoride (79). The materials
are initially set by light activated polymerisation, which is followed by water sorption (80,
81). Compomers have a greater resistance to occlusal load than GICs (82). However, they
release limited amounts of fluoride (83). Furthermore, compomers generally require
additional bonding agents and undergo polymerisation shrinkage. Bacterial micro leakage

and secondary caries therefore remain a concern (79).
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2.8.4. Dental composite

Over the last two decades dental composites have become the most widely used as dental
filling materials (84). Recent developments in resin restorative composites has enabled
improved aesthetic quality and bonding with the enamel surface properties and greater safety
compared to dental amalgam (1, 85). Dental composites are used for many applications such
as filling materials, crown restorations, pit and fissure sealants, cavity liners and orthodontic
devices (86). Class one and two posterior cavity restorations should have dental composites
that show high strength, whilst anterior restorations require more aesthetic appearance.
Dental composites contain three essential ingredients: inorganic filler phase, a cross-linkable
organic phase containing initiator/ co-initiator, and a coupling agent (36). Manufacturers may
also add other ingredients such as stabilisers, catalysts and/or pigments but specific

information regarding the composition of these ingredients is often not fully disclosed.

2.8.4.1. Filler phase

The inorganic filler phase of current dental composites consists of silanated quartz particles,
fused silica and glass particles such as aluminium silicates, barium, strontium and zirconium
glasses (87). The primary purpose of these fillers is to improve mechanical properties (88),
reduce polymerisation shrinkage (89), and limit the amount of expansion by water sorption
(86). There are different types, sizes, shapes and amounts of filler particles in different dental
composites. Dental composites were classified according to the filler particle size by
Robertson in 2006 (86). Conventional or macro-fill dental composites have 60-80 wt % filler
and average particle size range of between 10 and 50 um (Figure 2-3) (90). These composites
have good flexure strength (110 to 135 MPa), but due to polishing difficulties, have poor

aesthetics and are therefore now rarely used (87).
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In micro-fill composites the filler particle size was decreased to approximately 40-50 nm.
This reduction improves the polishing surface and therefore the aesthetic appearance.
However, the micro-fill composites have higher shrinkage and lower strength compared to
conventional composites due to the low percentage of filler ~ 35-50 wt % (86).

To overcome the disadvantages of micro-fill composites hybrid composites were developed.
These contain more than one filler size in order to increase filler loading and mechanical
properties. The particles sizes are typically 10 to 50 um and 40 nm diameter (87). Further
refinements and improved grinding methods resulted in dental composites called mini-fill
with an average size of between 0.4 and 1 um. These hybrid composites are considered more

universal since they are applicable on both anterior and posterior teeth (86, 91).
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Figure 2-3 : Dental composites based on filler particles size (87).
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The nano-fill composites contain a combination of non-agglomerated 20 nm nano silica and
aggregated zirconia/silica nano clusters (with primary particle sizes from 5 to 20 nm). These
are claimed to provide increased aesthetics, strength and durability. The cluster particle size

range is 0.6 to 1.4 um and filler loading is about 59% by volume (92).

2.8.4.2. Organic resin matrix

The monomer phase in most dental composites contains a mixture of aromatic and aliphatic
dimethacrylate monomers, such as Bis-GMA and/or UDMA. The organic matrix additionally

contains diluent monomers and an initiator/ co-initiator.

2.8.4.2.1. Base monomer

2.8.4.2.1.1.Bisphenol A-glycidylmethacrylate (Bis-GMA)

Bisphenol a-glycidylmethacrylate (Bis-GMA) or Bowne’s resin is one of the most commonly
used monomers. It is a viscous monomer with high molecular weight (512 g/mol) (93). It
contains two aromatic rings in the structure, and also hydrogen bonding hydroxyl groups
(OH) (Figure 2-4) (76, 94). This base monomer creates filling materials with good
mechanical properties. Furthermore, its high molecular weight ensures low polymerisation
shrinkage (95, 96).

The double aromatic rings make the monomer quite rigid compared to other more flexible
dimethacrylates with no aromatic groups. This can lead to low (C=C) monomer conversion,
Uncured monomers may leach from the set filling over time, adversely affecting
biocompatibility (97). It can also stimulate bacterial growth around the filling restoration
(98). Additionally, poor conversion may reduce strength and provide limited crosslinking
which is important for wear resistance. Two major concerns with current dental composites

are the fracturing of the restorations and inadequate resistance to wear under masticatory

36



attrition (29). To solve these issues Bis-GMA is used with diluents and other dimethacrylate

monomers such as urethane dimethacrylate (UDMA).

0 0
CH,
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Figure 2-4: Chemical structure of Bis-GMA.

2.8.4.2.1.2.Urethane dimethacrylate (UDMA)

Urethane dimethacrylate (UDMA) (Figure 2-5) is an alternative aliphatic high molecular
weight dimethacrylate monomer, compared to Bis-GMA. It has been used alone or in
combination with Bis-GMA in dental composites previously (99). The molecular weight of
UDMA is 470 g/mol and has a polymerisation shrinkage percentage of 6.5 % (100). It has
two amine groups (NH), which can associate with carbonyl groups (C=0) (78, 101). The
amine groups in UDMA however, produce weaker hydrogen bonds than the hydroxyl groups
in Bis-GMA. This greater rotational freedom is responsible for the much lower viscosity and
greater conversion of UDMA compared to Bis-GMA (87). The higher conversion may also
reduce water uptake due to greater crosslinking and increased mechanical properties

Moreover, UDMA has been reported as less cytotoxic than Bis-GMA (102).
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Figure 2-5: Chemical structure of UDMA.
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2.8.4.2.2. Diluent monomer

Due to the high viscosity of bulk Bis-GMA and UDMA, monomers they are usually diluted
with low viscosity monomers. The most commonly used diluent monomers are triethylene

glycol dimethacrylate (TEGDMA) and 2-hydroxyethylmethacryalate (HEMA)

2.8.4.2.2.1.Triethylene glycol dimethacrylate (TEGDMA)

Triethylene glycol dimethacrylate (TEGDMA) is an aliphatic and low molecular weight
component (Figure 2-6). The molecular weight of TEGDMA is 286 g /mol (93) and the
flexibility of the C-O groups results in lower viscosity, lower glass transition temperature (Tg)
and a higher degree of conversion (103). TEGDMA addition can therefore improve the
composite paste consistency. Unfortunately this monomer also has high affinity for water due
to the presence of ether linkages (C-O-C). This in combination with the low molecular weight
of these monomers increases shrinkage and water sorption (104). Despite these limitations,

TEGDMA is still used within most current dental composites.

CH 0 0]

CH, 0

Figure 2-6: Chemical structure of TEGDMA.

2.8.4.2.2.2.Poly (propylene Glycol 425Dimethacrylate) (PPGDMA)

A new diluent monomer has been used in this thesis polypropylene glycol 425 dimethacrylate
(PPGDMA) (Figure 2-7). PPGDMA is a low viscosity dimethacrylate but has three times the

molecular weight (660 g / mol) of TEGDMA. It should therefore result in lower

38



polymerisation shrinkage for a given level of conversion. Moreover, the high molecular

weight of PPGDMA should improve biocompatibility (76).

O O
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Figure 2-7: Chemical structure of PPGDMA.

2.8.4.2.3. Adhesive monomers

2.8.4.2.3.1. 2-Hydroxyethyl methacrylate (HEMA)

2-hydroxyethyl methacrylate (HEMA) (Figure 2.8) is a commonly used monomethacrylate in
dentistry. HEMA is an aliphatic low molecular weight monomer. It is frequently added to
improve the miscibility of hydrophobic components in dental adhesives and adhesion
promoting agents (105, 106). Moreover, the hydrophilicity of HEMA improves the wetting
properties of dental adhesives and the penetration efficacy of the adhesive into demineralised
tooth structure (107, 108). HEMA is characterised by high water sorption. This is due to the
presence of a hydroxyl groups (OH). The hydrophilic nature of this monomer makes it
attractive for use in bioactive dental composites which release remineralising components for
tooth repair or antibacterial agents to reduce microleakage and secondary caries (109).
Another important characteristic of HEMA is that it has been reported to positively influence

bond strength to tooth structure (110).
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Figure 2-8: Chemical structure of HEMA.

2.8.4.23.2.  4-Methacryloxyethyl trimellitic anhydride (4-META)

4-methacryloxyethyl trimellitic anhydride (4-META) (Figure 2.9) is an acidic monomer
frequently used as an adhesion promoting monomer (111). 4-META is a crystalline powder.
After the addition of water to 4-META powder it is swiftly hydrolysed into 4-MET. The
resultant monomer contains two carboxylic groups attached to the aromatic group. These

provide the acidic (demineralising) properties, and also enhance wettability.
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Figure 2-9: Chemical structure of 4-META.

However, the hydrophobic aromatic group of these monomers will moderate the acidity of
and hydrophilicity of the carboxyl groups (112). 4-META has been reported to form a
chemical bond with calcium in hydroxyapatite which may improve adhesion to tooth

structure (76).

2.8.4.2.4. |Initiator and co-initiator

Dental composites are normally cured by a free radical polymerisation reaction. Free radicals

can be generated either by thermal, chemical or photochemical activation (light cure).
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2.8.4.2.4.1. Camphorquinone (CQ)

The initiator used in photo-activated systems is usually camphorquinone (CQ) (Figure 2.10).
The amount of initiator added is typically very small (from 0.2 to 1 wt %) and is consumed
during the polymerisation reaction. The initiator is combined with a co-initiator containing
tertiary amine groups. These don’t absorb light but react with the initiator to produce more

stable free radicals which provoke the polymerisation (86).

H3C CHS

O
ch O

Figure 2-10: Chemical structure of Camphorquinone CQ.

2.8.4.2.4.2. N, N-dimethyl-p-toluidine DMPT

A common co-initiators used in dental composites are n, n-dimethyl-p-toluidine DMPT
(Figure 2.11) and dimethylaminoethy methacrylate (DMAEMA) (113, 114). CQ absorbs blue
light at 400-500 nm wavelengths, and then reacts with the co-initiator to produce free radicals

(115, 116).

HzC. _, _CHg
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Figure 2-11: Chemical structure of DMPT.
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2.8.4.2.4.3. N-tolylglycine Glycidyl Methacrylate (NTG-GMA)

In this study n-tolylglycine glycidyl methacrylate NTG-GMA (Na) (Figure 2.12) was used as
an alternative co-initiator to DMPT. NTG-GMA is an adhesion promoting monomer which
also functions as a co-initiator due to the presence of a tertiary amine group. It also contains
a carboxyl group for calcium binding (117). Binding of the monomer group could result in

lower levels of toxicity in the set composite.

Ha

Figure 2-12: Chemical structure of NTGGMA.

2.8.4.3. Polymerisation mechanism

The process of polymerisation consists of three main steps: initiation, propagation/
crosslinking and termination. Generally, the polymerisation reaction in dental composites is
activated by free radicals (Re). As described above the photo-initiator CQ is required to
generate the free radical. During the initiation, the free radical (Re) reacts with the C=C
double bond at the ends of monomer, which opens the double bond and creates an excited
monomer (MRe). The excited monomer can react with the C=C double bond to bond to other
monomers, leading to the formulation of cross-linking or bigger polymer chains and
propagation (87). Termination occurs when two growing chain radicals are combine to
produce a dead polymer (118). The steps of a polymerisation reaction can be seen in the

following:
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Initiation: Re + H,C = CH; —» RH,C — CHye

T T
M MRe
Propagation: RH,C — CHye . H,C = CH; - RH,C — CH;— H,C — CHye
T T i
MRe M MR,e
Termination: RH,C — (CH;— H;C)y,— CHye + eH,C — (CH,; — H,C), —

CH2R —> RHzC — (CHz— H2C)m— CH2— H2C — (CHz—

H,C)n — CH,R

2.8.4.4. Coupling agent

The primary goal when using coupling agents is to achieve a good bonding between the filler
and matrix phases of the dental composites. Silanation improves the resin composites
resistance to hydrolytic degradation and enhances mechanical properties. The most widely
used coupling agent is 3- methacryloxpropyltrimethoxysilane (MPS). This contains a silane
group at one end to bond to OH groups on the glass surfaces and a methacrylate (C=C) on the
other end to form covalent bonds with the monomer. This forms a strong interfacial bridge
that binds the fillers to the monomer and improves the mechanical properties of the

composites (87).

2.8.4.5. Glass fibre

Various different types of fibre have been added to dental composites and bone cements in
order to increase the strength and improve the fracture toughness and fatigue properties of
dental materials (119-123). Moreover, fibres were used in the reinforcement of denture base
resins, bridges, splints, retainers, orthodontic arch wires, fixed prosthodontic appliances and

fixed partial dentures (124-127). Different types of fibre have been added in dental materials
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ranging from micron-scale quartz, silicate glasses to nano-scale carbon tubes (128). Glass
fibre has been preferred for use in dental materials because of their translucency, ease of
silane surface treatment, higher fatigue properties, improved toughness and flexural strength
(129). Kane et al, has shown that addition of relative small concentrations of fibre improve
the fatigue resistance and fracture toughness of acrylic bone cement without drastically

affecting the strength and handling properties (130).

2.9. Properties of dental composites

2.9.1. Handling properties

Resin composites are viscoelastic materials by nature. Viscosity and elasticity are important
factors in determining the handling properties of dental composites. The handling of
composite is determined by the chemical structure of the monomer matrix and filler particle
size and level. Placing filling composites in posterior teeth is more challenging compared to
placing an amalgam filling. Dental composite should be easy to place in the oral cavity and
easy to manipulate, in terms of shaping the restored cavity and being packable. Moreover,
composite paste should be adhered to the tooth surface and not stick to instruments (131).
The success of composite filling restoration depends heavily on having a good bond to
enamel and dentine. In order to place dental composites in an oral cavity, a rubber dam is
therefore required because the composite bonding is susceptible to fluid contamination. In
molar class two cavity restorations rubber dam should be used to control moisture

contamination.

2.9.2. Degree of conversion

The final degree of conversion in dental composites rarely reaches 100 % (132). Instead,

typically light cured dental composites exhibit a degree of conversion ranging from 55 % to
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75 % (133, 134). Uncured monomers that leach from the filling restoration over time, may
stimulate the growth of bacteria or cause allergic reactions in patients (135). Moreover, these
monomers are potentially harmful to pulp cells (97).

The monomers used in dental composites play a key factor in determining the final degree of
conversion. With Bis-GMA as monomer and TEGDMA as diluent, the degree of conversion
has been found to decline when the amount of Bis-GMA is increased (136). The degree of
conversion can also be higher when the mixture contains UDMA as bulk monomer and
TEGDMA as diluent (136). Some studies have also shown that increasing inorganic filler
loading may decrease conversion (137).

There are many techniques available to determine the degree of conversion of resin
composites such as Fourier transforms infrared spectroscopy (FTIR), RAMAN spectroscopy,
differential scanning calorimetry (DSC) and nuclear magnetic resonance (NMR). FTIR has
been widely employed to identify chemical functional groups by their different vibration

modes in the molecular structure and for monitoring the kinetics of chemical reactions (64).

2.9.3. Polymerisation shrinkage

Despite major improvements in dental composites since the 1960s, polymerisation shrinkage
still remains of considerable concern. Polymerisation shrinkage occurs due to the
transformation of monomer molecules (C=C carbon double bond) into a polymer network (C-
C single bonds) (138). This is due to a decrease in the distance between groups of atoms and
a reduction in the amount of free volume during polymerisation (118). The Bis-GMA and
TEGDMA monomers exhibit high polymerisation shrinkage of ~ 5 to 6 % and 12.5 %
respectively (139). The high amounts of TEGDMA in the monomer phase increase
polymerisation shrinkage, because its low molecular weight increases C=C density.

Furthermore it increases fluidity and thereby the final level of monomer reaction (89).
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Current commercial dental composites available in the market exhibit volumetric shrinkage
between 2.6 to 6 % upon curing (89, 90, 118, 140).

Polymerisation shrinkage depends on the degree of conversion and the molecular weight of
the monomers (141), and the amount of inorganic filler used in dental composites. In general,
a higher percentage of filler leads to a decrease in polymerisation shrinkage (142).
Polymerisation shrinkage generates contraction stress which may result in the formation of
micro cracks within the bulk of the filling (143). The resultant stress can also affect the
integrity of bonding, particularly at the dentine restoration interface. Contraction stresses can
then disrupt the marginal seal between the composite restoration and tooth structure (7). This
allows bacteria and oral fluid to accumulate between restoration and dentine, leading to
sensitivity, discoloration of the restoration, secondary caries and a reduced filling lifetime (8).
The polymerisation shrinkage of resin dental composites is proportional to the number of
monomers polymerising per unit volume. As a result it decreases with increased filler content, or
reduced monomer conversion or increased monomer molecular weight (89). Composites with
high filler loading at (~ 60 vol % as in hybrid composites) exhibit low polymerisation shrinkage
of 2 to 3.5 %. However, composites with filler contents below 50 vol %, e.g. flow-able

composites, exhibit polymerisation shrinkage of more than 5 % (142, 144).

2.9.4. Depth of cure

Increasing the distance between a light source and the sample might lead to a decrease in the
light transmitted and in the degree of conversion (145). Decreasing the degree of conversion
compromises physical properties and increases the elution of monomers, and thus might lead
to the failure of the filling cavity. Dental composites can be placed in incremental layers,
recommended by manufactures as 2 mm (146). In deep cavities, sufficient bonding between

incremental layers is required (147). Layering is time consuming and involves a risk of
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contamination between increments. Manufactures have therefore been developing new types
of dental composites called “bulk fill” with maximal increment thickness of 4 mm (147).

There are many techniques to determine the depth of cure. Firstly there are direct methods
such as FTIR and Raman spectroscopy (148). Secondarily, there are indirect methods such as
a scraping ISO 4049 and Vickers hardness. This approach is a simple, inexpensive and
suitable technique that researchers can employ when comparing the depth of cure of different
dental composites (149). The ISO 4049 standard for dental composites materials should have

a minimum depth of cure of 1.5 mm after curing (150, 151) .

2.9.5. Water sorption

Dental composites exhibit water sorption upon immersion in water. Water sorption in dental
composites is determined mainly by the chemical composition/ hydrophilicity and
crosslinking/ conversion of the monomer phase, filler phase and the properties of the
interface between the matrix and filler (152, 153). The factors influencing water sorption are
immersion time, temperature, surface condition, stress and concentration of water that is
ultimately absorbed (154, 155).

Monomers such as Bis-GMA and UDMA produce hydrophobic polymers (153). However,
Bis-GMA can exhibit high water sorption. This may be a consequence of lower monomer
conversion or because of its hydrophilic hydroxyl groups (135). TEGDMA based polymers
absorb more water in comparison to other monomers; this is due to the presence of
hydrophilic polyethylene glycol groups (156).

Water sorption can lead to a decrease in mechanical properties. This may be due to the
breakdown of the bond between the filler and monomer, or silane and filler particles (157).
Moreover, water sorption can also plasticise the polymer phase. It may also enhance the

release of uncured monomers which could induce cytotoxic effects. Conversely, one
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advantage of water sorption is the potential for expansion, which relieves the stress produced
during polymerisation shrinkage (158). This expansion can be between 3 and 6 % (157).

In theory, the water sorption is determined by the diffusion coefficient and boundary
conditions at the surface of the sample. The appropriate dimensions of the sample and
immersion time in water should be determined in water sorption studies. Water sorption is
often governed by Fick’s Law with the initial stage of water sorption (AM¢/ AM;_..,) being

given by (159, 160).

2 _ 2 /D—tz Equation 2-1
AMt—)OO ml

M; and M., are the mass uptake at time t, and at equilibrium, 21 is the specimen thickness.
From this equation the diffusion coefficient, D, can be calculated from the gradient of My/

Mi_. against t2

2.9.6. Wear resistance

Wear is defined as the continuous loss of substance resulting from direct opposing surface
contact during mechanical interaction between two contacting surface (161). Dental
restorative materials are subjected to very specific varying condition such as contact load,
mastication force, saliva, pH values and temperature (162).

Wear can be two or three body wear (163). Two body wear occurs in the occlusal or proximal
surface of the restoration due to the direct contact of the opposing or adjacent restoration.
Care should be taken when placing posterior composites in patients who have bruxism
grinding or clenching habits which accelerate wear (164). Two body wear will lead to micro-
cracks in or below the surface of the restoration (165). Three body wear usually occurs in the

presence of food during mastication or brushing with toothpaste (163).
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Wear resistance is dependent on the composition and properties of the filler and monomer
phase in the dental composites. Increasing the size of filler particles in dental composites
adversely increases the wear resistance as compared with composites which contain smaller
filler particles. This is due to exposed filler particles in the surface being plucked out and
increasing space between filler particles and thereby increased wear (166). Smaller filler
particles size reduce the space between filler and thus reducing the rate of wear resistance
(167). A previous study has shown that dental composites containing UDMA and TEGDMA
have more resistance to wear as compared to those containing Bis-GMA and TEGDMA
(168). Wear may cause loss of the outline form of the restoration and staining due to an
increase in the surface roughness. Moreover, the leaching of dental monomer due to low
monomer conversion, and inhaled or swallowed composite filler particles might be related to

diseases of the liver and respiratory system (169).

2.9.7. Mechanical properties

Currently, dental composites have sufficient mechanical properties to be placed in oral cavity
(86). According to 1ISO 4049 dentistry polymer based filling materials should have flexural
strength > 80 MPa for occlusal restorations and > 50 MPa for other indication. Mechanical
properties of current composites have been extensively vitro studies (170, 171), It can be seen
that the flexural strength and flexural modulus of current dental composites range from 70 to
180 MPa and 3 to 10 GPa respectively. This strength is comparable to amalgam restoration

and much better than glass ionomer cements (86).

2.9.8. Bond strength

Despite all the improvements in dental adhesive systems, bonding to enamel and dentine still
remains a major drawback of dental composites. Insufficient bonding to tooth structure leads
to marginal gap formation, marginal discoloration and loss of filling restorations (172). The
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current dental adhesives can initially provide good bonding to exposed enamel and dentine
for white filling materials. However, long term durability and stability of bonding on the
tooth structure remain unclear (173). Bonding to tooth structure is dependent on the chemical
compositions of dental adhesives. Moreover, dentine bonding is also dependent on the
demineralised dentine, which helps resin infiltration and produces a hybrid layer. Incomplete
dryness or presence of fluid in etched dentine during infiltration might lead to incomplete

penetration of dental composites into the hybrid layer (174).

2.10. Dental adhesives

GICs are still considered the only truly self-adhering restorative materials for enamel and
dentine (175). This bonding occurs via chemical interactions between carboxyl groups of
polyacrylic acid and the calcium of hydroxyapatite (176). The hybrid layer formed between
glass ionomers and the tooth structure is thinner than that of resin-based materials with
adhesives. This has been attributed to the relatively high molecular weight of the polyacrylic
acid which limits the tooth etching as well as the infiltration capability of glass ionomer
which effectively influences bond strength (177). Tooth pre-treatment with polyacrylic acid
favours adhesion by cleaning the dentine surface before adding the GICs (178).

The primary goal of dental composite adhesives is to improve marginal sealing between the
filling materials and enamel and dentine (86). This results in the reduction of bacterial
microleakage along the restoration margins and postoperative pain, and reduces the
likelihood of restoration failure. The basic mechanism of composite adhesive bonding to
tooth structure is by an exchange process involving the replacement of minerals removed
during tooth preparation by resin monomers. Upon setting, the resultant polymers become
mechanically interlocked in the created porosities (179). Dental adhesives can be classified

based on the underlying adhesion strategy as “etch and rinse, or self-etch” (172).
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2.10.1. Etch- and rinse application

The “etch-and-rinse™ adhesive systems are still considered by many to be the most effective
method to achieve efficient and stable bonding to tooth structure, thus it is used in numerous
bonding applications. A wide range of conditioning agents has been used including aqueous
citric, nitric and phosphoric acid typically at concentrations of 30 to 40 %. The conditioning
agent is applied to the tooth structure for 15 to 20 s before being rinsed off with copious
amounts of water. This is followed by a priming step and the application of the adhesive
resin, resulting in a so called ‘three step application procedure’. In “two step etch-and-rinse”
systems the primer and adhesive resin are combined (179, 180). The primers usually contain
HEMA, a polyacrylic acid, initiators and solvent (water, acetone and/or ethanol). The

adhesive resin often contains Bis-GMA, HEMA, tertiary amines and a photo-initiator (181,

182).

2.10.2. Self-etch adhesive

“Self-etch” adhesives employ non-rinse acidic monomers that simultaneously condition,
prime and demineralise the smear layer and underlying dentine (179). These adhesives are
preferred by clinicians as their use eliminates the rinsing phase. This not only reduces the
clinical application time, but also significantly reduces the technique sensitivity/ application
errors (183).

Self-etch can come as two step and one step adhesives. In the two step adhesives, the primer
and etchant are in one bottle whilst the adhesive resins are in a separate bottle. In two-step
self-etch adhesives, the primer contains acidic monomers such as 10-Methacryloyloxydecyl
dihydrogen phosphate (MDP), HEMA, hydrophilic di methacrylates, photo-initiators and
water (183). The bonding adhesive may contain MDP, HEMA, Bis-GMA, hydrophobic

dimethacrylate, photo-initiators, silanated colloidal silica and, surface-treated NaF. On the
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other hand, the one step self-etch adhesive includes all the necessary ingredients: etchant,
primer and resin adhesive. The one step self-adhesive such as Ibond contains UDMA, 4-
META, glutaraldehyde, acetone, water, photo-initiators, and stabilizers (76).

Self-etch adhesive systems are classified as mild or strong dependent upon their pH (179).
Strong self-etch adhesives produce a level of dentine demineralisation comparable with etch-
and-rinse systems, due to their very low pH (< 1), while mild self-etch adhesives (pH ~ 2)
result in less aggressive demineralisation (183). These mild self-etch adhesives dissolve the
dentine surface only partially. Consequently, the demineralisation of dentine occurs
simultaneously with primer infiltration. Incomplete penetration of the primer into a
demineralised surface might enable microleakage or nano leakage, which could lead to the
failure of the adhesive interface (180). The benefit of mild self-etch may be to keep some
hydroxyapatite around the collagen which, may protect against hydrolysis and degradation

(172).

2.11. Antibacterial and dental composites

Studies on polymerised dental composites have shown no antibacterial activity, which is
expected as individual components of resin composites have no antibacterial agents (79).
There have been several attempts to develop dental composites with added antibacterial
agents to improve the longevity of restorations through combatting secondary caries (184).
Several antibacterial agents have been added to the resin to kill bacterial or inhibit biofilms.

There are two approaches used to incorporate antibacterial agents into dental composites. The
first approach is the addition of a soluble antibacterial agent that can release from a resin
composite into the oral environment. The second approach is to immobilise antibacterial

agents in the polymerised resin.
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2.11.1. Soluble antibacterial agents

2.11.1.1. Chlorhexidine

Chlorhexidine (CHX) is a broad spectrum antibacterial agent that acts against Gram-positive
and Gram-negative bacteria. CHX has been frequently used in the treatment of oral infections
as a mouthwash. CHX can significantly reduce the bacterial count within dental plaque (185).
In one study, waching the cavity preparations with 2 % CHX solution after etching improved
the bonding strenght for more than 14 months (186). Similarly 2 % of CHX can also
preserve the hybrid layer and dentine collagen on the marginal sealing of the dental
composites (187, 188).

CHX has been also added into GICs and RMGICs to improve their antibacterial properties
(189). The CHX was incorporated at different levels between 1 to 10 %. The effectiveness of
these antibacterial materials was reliant on the concenration of CHX (190). However, high

percentages of CHX leads to a decrease in the composite strength.

2.11.1.2. Triclosan

Triclosan “2,4,4-trichloro-2-hydroxidiphenilethere” is another antibacterial agent which
inhibits growth of bacteria by acting on their enzymatic activities. Triclosan has been used in

tooth pastes and dental composites to inhibit the growth of oral biofilms (191).

2.11.1.3. Benzalkonium chloride

“Benzalkonium chloride” (BAC) is a antimicrobial agent which causes disruption to the cell
membrane. BAC has been used in dental composites at 0.25 % to 2.25 % and shown to be
effective at inhibiting bacterial growth. Also its addition, to these composites did not alter

mechanical properties (192).
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2.11.2. Other antibacterial agents used previously in dental composites

2.11.2.1. Methacryloyloxydodecylpyridinium bromide

Methacryloyloxydodecylpyridinium bromide (MDPB) has also been incorporated into dental
composites. This molecule contains both antibacterial quaternary ammonium and
methacrylate groups. After polymerisation, the MDPB monomer will copolymerise within the
resin composite and be immobilised within the cross-linked resin, stopping it leaching out
(191). The antibacterial mechanism occurs as a result of positive charges that disrupt the
bacterial cell wall. Dental composites with 0.2 % MDPB exhibited inhibition of bacterial
growth. However, the antibacterial MDPB agent has direct action through surface contact

only, and has no effect beyond the composite surface (193).

2.11.2.2. Dental composites containing silver

The incorporation of silver in the filler phase of dental composites can inhibit bacteria growth
upon the direct contact of silver ions with the bacterial cell membrane. However, the most

common disadvantage of silver presence in dental composites is poor color stability (194).

2.12. Remineralising dental composites

In the last two decades, dental composites containing amorphous calcium phosphate (ACP),
monocalcium phosphate monohydrate (MCPM), dicalcium phosphate anhydride (DCPA) and
tricalcium phosphate (TCP) have been extensively investigated as fillers in an attempt to
produce CaP release from dental composites and remineralise the demineralised tooth
structure (195-200).

However, these experimental composites containing CaP have lower mechanical properties
due to the soluble release of mineral content, and therefore they have not been suitable for

bulk filling (196). The CaP has to be more soluble than hydroxyapatite (HA) so that it can be
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released from the cured resin and re-precipitate within an affected tooth (201). Generally, a
low ratio of calcium to phosphate correlates with a higher aqueous solubility. At a
physiological pH the solubility increases in the order of hydroxyapatite, < TCP < DCPA <

ACP , < MCPM (202).

2.12.1. Amorphous calcium phosphate

ACP has a calcium (Ca) over phosphate (PO4) molar ratio of ~ 1.5 (203). Upon placement in
water, cured dental composites containing ACP have been observed to release Ca and PO, to
inhibit demineralisation and promote remineralisation (204). Typically a maximum of 40 wt
% ACP was added. The levels of Ca and PO, ions released from the ACP composite were
considered insufficient to remineralise the affected enamel and dentine structure (196, 205,
206). The low solubility of ACP, however, may hamper calcium phosphate release.
Furthermore, poor wetting between the monomers and filler could limit filler loading and
reduce strength. The biaxial flexural strength of ACP composites was ~ 50 MPa, which is
well below that of good dental composites (201). The ACP composite is recommended to be
used as pit and fissure sealants (207). Therefore, there is a need to develop new composites
with a combination of CaP to improve mechanical properties, CaP ion release and

remineralisation.

2.12.2. Other calcium phosphates used previously in dental composites

In recent experimental dental composites a combination of monocalcium phosphate (MCPM)
and tricalcium phosphate (TCP) has been employed (198). When combined with water,
MCPM and TCP react via hydrogen ion exchange and re-precipitate as dicalcium phosphate
(DCP) or brushite (109, 208). The addition of water-soluble MCPM fillers encourages water
sorption into the set resin materials and promotes expansion which may compensate for
polymerisation shrinkage. The level of water sorption and expansion was controlled primarily

55



by the amount of MCPM. In the tooth structure it was anticipated that calcium ions arising
from phosphoric acid etching would slowly convert the brushite to more stable and less

soluble hydroxyapatite, enabling the tooth structure to be repaired (158, 198).

2.13. Self- adhesive dental composites

Nowadays, significant improvement has been made in the development of self-adhesive
dental flowable composites containing adhesive monomers (209). Flowable composites have
become an integral part of the restorative process since they were first introduced in the mid
1990’s (210). They contain methacrylate monomers as well as acidic adhesive monomers
such as 4-META and glycerol-phosphate dimethacrylate (GPDM) (86, 209).

Flowable dental composites have low filler loading and / or higher proportion of diluent
monomers in their composition (133). They are designed to be less viscous to offer better
marginal adaptation to the cavity wall and easier insertion. Flowability and handling
properties allows these composites to be injected thus simplifying the placement procedure.
These composites are currently recommended for liners and small cavity preparations (210)
or placed underneath a posterior restoration to allow better marginal adaptation and reduce
micro-leakage (211, 212).

However, several studies have shown that flowable composites have higher polymerisation
shrinkage compared to conventional composites. This is due to these composites having
higher monomer contents (211). Moreover, mechanical properties such as flexural strength
and wear resistance have been reported to be generally lower compared to those of the

conventional composites (210).

2.14. Outline for experimental composites
In this study Urethane dimethacrylate (UDMA) was used as the main bulk monomer and Poly

propylene Glycol 425 Dimethacrylate (PPGDMA) as diluent instead of Bis-GMA and
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TEGDMA. The organic phase also contains 2-Hydroxyethylmethacrylate (HEMA) or 4-
methacryloxyethyl trimellitic anhydride (4-META) as adhesion promoting monomers, and
CQ and N-tolylglycine Glycidyl Methacrylate (NTG-GMA) (Na) as polymerisation initiator
and activator. The powder phase consisted of calcium phosphate, chlorhexidine and glass

fibres mixed with a conventional composite glass.
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3. Hypothesis

=

UDMA based composites with PPGDMA diluent and NTGGMA as co-initiator may
have improved monomer conversion compared with commercial materials.

Addition of chlorhexidine and fibres should have negligible detrimental effects on
composite water sorption, mechanical or adhesive properties.

Adding adhesive monomer 4-META instead of HEMA in experimental formulations
should enable improved chemical bonding with calcium in hydroxyapatite, reduce
water sorption and increase strength.

Adding soluble calcium and phosphate fillers (MCPM and TCP) in dental composites
should encourage water sorption into the set resin materials. This in turn will enhance
expansion to compensate polymerisation shrinkage, release of chlorhexidine and
bonding particularly to demineralised dentine, but may lead to decrease in the

mechanical strength.
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4. Aims and objectives

4.1. Aims

The aim of this project is to optimise a unique dental composite with high monomer
conversion, low net shrinkage, high strength and ability to bond without complex bonding
procedures. The proposed composite should also have the potential to re-mineralise minor
defects in tooth structure and provide an anti-cariogenic or anti-demineralising environment
with the release to help prevent further tooth decay.

From the recommendations of dentists and dental manufacturers and information from the
previous literature review a set of targets has been drawn up:

e The dental composite should have a higher degree of conversion and good depth of
cure compared to the current commercial composites in order to reduce toxicity risks.

e The polymerisation shrinkage should be less than or comparable to commercial
composites e.g. 2250, Gradia and Ecusphere.

e Polymerisation shrinkage should be compensated by water sorption induced water
expansion. This may be enhanced by reactive calcium phosphate addition.

e Enhanced water sorption should enable increased released release of CHX to kill
bacteria and help reduce risk of secondary caries.

e The cured composite must have long term mechanical properties compared with
commercial materials to resist mastication forces.

e The composite should have self-adhesive properties enabling it to stick to the dentine
tooth structure under various conditions including wet, dry or acid etched/
demineralised. This will be done by adding adhesion promoting monomer and
remineralising calcium phosphates. Ideally this would enable composite bonding

close to that achieved with use of additional bonding agents.
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4.2. Objectives
In the following liquid phases of all experimental composites consisted of UDMA and
PPGDMA in a 68:25 weight ratio, and 5 wt % of 4-META or HEMA. CQ/ NTGGMA photo
initiator and activator were each added at 1wt % of the total monomer phase. The powder and
liquid ratio (PLR) was fixed at 3:1. Commercial dental composites Z250, EcuSphere and
Gradia were selected for comparison, as they are highly regarded market leaders.
Experimental formulations containing solely glass particles in the filler phase were used as
experimental formulation controls. The powder phase of subsequent non-control
experimental composites all contained CHX and fibres, which were both added to the powder
at 5 wt %. Furthermore, equal masses of CaP (TCP and MCPM) were added at combined
levels of 0, 10, 20 or 40 wt % of the filler.
The chemical and physical properties of the experimental and commercial dental composite
materials were subjected to the following tests to confirm their potential to be used as
composites in the future.

e Chemical composition, monomer conversion and polymerisation shrinkage were

determined using FTIR spectroscopy.
e Depth of cure was evaluated using an 1ISO 4049 method.
e Mass and volume changes upon water immersion were quantified using
gravimetrical analysis.
e Chlorhexidine antibacterial release was checked using UV spectroscopy.
e The mechanical properties BFS and modulus were evaluated using an Instron

universal testing machine.
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e Shear bond adhesion and a new push-out adhesion test were employed to quantify
the self-adhering experimental formulations and commercial dental composite

bonding capability to dry, wet and acid etched ivory dentine.
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5. Materials and methods

In the present study, UDMA/ PPGDMA based experimental dental composites containing
adhesive monomers 4-META or HEMA and various levels of calcium phosphate (CaP) and
fixed levels of chlorhexidine diacetate (CHX) added in the filler phase were formulated and
characterised. Commercial dental composites Z250, EcuSphere and Gradia were selected for
comparison as they are highly regarded market leaders. Experimental formulations with 4-
META or HEMA containing solely glass particles in the filler phase were used as controls.
The properties evaluated included the degree of monomer conversion, mass and volume
changes, chlorhexidine release, and biaxial flexure strength/Young’s modulus. Furthermore,

push-out adhesion and shear bond strength tests to ivory dentine were assessed.
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5.1. Materials

5.1.1. Commercial dental materials

The commercial dental composites used in this project were Z250 (3M/Espe dental, Seefeld,
Germany), Gradia direct posterior composite (GC international, Tokyo, Japan) and
EcuSphere (DMG, Hamburg, Germany) as they are highly regarded market leaders (Table 5-
1). Ibond total etch dental adhesive and Ibond etch 35 gel for the conditioning of dentine
(Heraeus-Kulzer,Hanau,Germany) were also selected for use in this study.

Table 5-1: Details of commercial dental composite investigated in this project. Description,
chemical component and shade are provided by the manufacturer.

Product Name Supplier Shade Chemical composition

Filtek Z250 Fitek ™ B3  Bis-GMA, Bis-EMA, TEGDMA, UDMA,
Zirconia / Silica particles

Gradia Posterior GC Corporation A2 UDMA, other methacrylate monomers,
fluoro-aluminosilicate glass, Pre-polymerised
filler, Pigments

EcuSphere Carat DMG A2 Bis-GMA, UDMA, TEGDMA, Glass and
SiO;
Conditioner Heraeus Kulzer Phosphoric acid, Distilled water, Aluminium

chloride hydrate, Food additive Blue No.1

Ibond Heraeus Kulzer UDMA, 4-META, Glutaraldehyde, Acetone,
Water, Photo-initiators, Stabilizers

5.1.2. Experimental composites

5.1.2.1. Monomer phase

The experimental resin monomer was prepared from commercially available materials
urethane dimethacrylate (UDMA) (DMG, Hamburg, Germany) and poly (propylene Glycol
425 dimethacrylate) (PPGDMA) (Poly-sciences, Warrington, PA, USA). To this was added

either 4-methacryloyloxyethy trimellitic acid anhydride (4-META) powder (Poly-sciences,
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Warrington, PA, USA) or 2-hydroxyethyl methacrylate (HEMA) liquid (DMG, Hamburg,
Germany). Camphorquinone (CQ) powder (Sigma Aldrich, UK) and n-tolylglycine glycidyl
methacrylate (NTGGMA) powder (Sigma Aldrich, UK) were added. The sources of the
monomers used to prepare the experimental composite formulations in this project are shown
in Table 5-2 below, with molecular weight.

Table 5-2 : Details of monomers, initiator and activator used throughout this project. Molecular
weight information was provided by the manufacturer.

Name Abbreviation Supplier Product code Molecular
weight (g/mol)
Urethane UDMA DMG, Germany 90761 470

dimethacrylate

Poly (propylene Glycol PPGDMA Polysciences, UK 04380-250 560
425Dimethacrylate)

2-Hydroxyethyl HEMA DMG, Germany 100220 130
methacrylate

4-methacryloyloxyethy 4-META Polysciences, UK 17285 286
trimellitic acid

anhydride

N-tolylglycine Glycidyl NTGGMA Esstech, Inc. X 863 0050 307
Methacrylate

Camphorquinone CQ Sigma-Aldrich, UK 10120023 166

5.1.2.2. Filler phase

The different fillers used in preparation of experimental formulations are provided in Table 5-
3. For control formulations the powder phase consisted of only radiopaque silane-coated
barium aluminosilicate glass with average diameter of 7 um (DMG, Hamburg, Germany).
For all other formulations this was mixed with chlorhexidine diacetate (CHX) of ~ 44 um in
diameter (Sigma-Aldrich, UK) and silane coated boro silicate glass fibres of ~ width 15 x 300

um diameters (MO-SCI, UK). Furthermore, equal masses of tricalcium phosphate (TCP)
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(P306S, Plasma Biotal) and monocalciump monohydrate (MCPM) (Himed) of ~ 6 and 53 um
diameters respectively were included.

Table 5-3: Summaries of filler phase materials used throughout this project as provided from
the manufacturer.

Name Abbreviation Supplier Product code

Barium- alumino- GP DMG, Germany 680326
silicate glass powder

Monocalcium MCPM Himed MCP-B26
phosphate monohydrate

Tricalcium phosphate TCP Plasma Biotal 7793

Chlorhexidine Diacetate CHX Sigma-Aldrich, UK 1001075054
salt hydrate

Silane coated Boro- GF MO-SCI, UK 0322201-S
silicate glass fibres

5.1.3. Formulation of experimental dental compositions

Experimental formulation pastes were prepared by combining a powder with the above two
monomer liquids containing 4-META or HEMA 5 wt % (of the total monomer phase) in a
68:25 weight ratio of UDMA and PPGDMA as in Table 5-4 and 5-5. For controlled
experimental composites, the powder phase consisted solely of radiopaque silane-coated
barium alumina silicate glass.

For all other experimental composites, chlorhexidine diacetate (CHX) and silane coated Boro
silicate glass fibres were both added to this powder at 5 wt %. Furthermore, equal masses of
calcium phosphate (TCP and MCPM) were added at combined levels of 0, 10, 20 or 40 wt %
of the filler. The powder and liquid ratio (PLR) was 3:1 a summary of variables used are

listed in Table 5-4.
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Table 5-4 Chemical composition of the powder phases of experimental composites

Powder phase Composition wt %
Control F1 F2 F3 F4
Glass 100 90 80 70 50
TCP 0 0 5 10 20
MCPM 0 0 5 10 20
CHX 0 5 5 5 5
Glass fibres 0 5 ) 5 5

Table 5-5: Chemical composition of the monomer phases

Monomer phase Composition wt %
UDMA 68
PPGDMA 25
4-META or HEMA 5
CQ 1
NTGGMA (Na) 1

5.1.4. Preparation of experimental formulations

5.14.1. Monomer preparation

During the preparation of experimental composites, latex gloves were worn to prevent skin
problems (dermatitis) associated with direct contact with the monomer. Moreover, a
laboratory coat was worn to prevent the contamination of clothes and skin. The bulk

monomer was handled using a metal spatula and glass pipettes were used for diluent

monomers. The room temperature was 23 °C + 1.

Initially, the monomers initiator/ activator NTGGMA, CQ, adhesive monomer 4-META or
HEMA and diluent monomer PPGDMA were weighed and mixed together in a dark brown

bottle using a stirrer (Stuart. bioCote, UK ), and magnetic stirring bar at speed 3/9 for 10 to
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15 min at room temperature to pre-dissolve the 4-META or HEMA and NTGGMA.
Afterwards, the main bulk monomer UDMA was added and mixed for 45 min at room
temperature to ensure complete dissolution of the adhesive monomer 4-META and activator
NTGGMA. After this, the stirring bar was removed. The monomer made was labelled and

stored in a fridge for up to 1 month.

5.1.4.2. Filler preparation

All fillers and reactive filler (MCPM, TCP) were stored at room temperature in sealed
containers to ensure that they were kept dry. Care was taken not to introduce moisture into
the bulk containers of the filler materials by decanting small amounts of filler into smaller

bottles when required.

5.1.5. Paste preparations

The experimental formulations, filler and the monomer were weighed onto rubber mixing pad
(Figure 5-1) using a four figure balance. The powder was added to the liquid and mixed
thoroughly at room temperature using a stainless steel spatula, making sure all the powder

was incorporated into the liquid and avoiding the introduction of air to the mixed paste.

Figure 5-1: Filler powder and monomer mix on a rubber mixing pad prior to mixing
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5.1.5.1. Composite disc preparation

After the filler and monomer were mixed to form a paste, about 0.2 g of paste was
subsequently placed in a stainless steel metal ring to enable the production of 10 mm
diameter and 1 mm thick discs (Figure 5-2). The top and bottom of the filled composite discs
were covered with acetate sheet (to prevent air inhibition of polymerised process) and topped
with two glass slides. This glass block was used to remove excess material from the disc by
slight pressure. The light gun was placed in direct contact to the acetate sheet to decrease the
distance between the sample and light cure. The specimens were photo activated from top
and bottom for 40 seconds using a blue light curing unit with an 1100 m\W/cm? power output
(LED. Demetron I, Kerr, USA). The continuing performance of the curing units was
confirmed periodically through assessment of ability to cure materials using FTIR. More
exact thickness was confirmed using a digitronic caliper (Moore and wright, Shanghai,
China) at three different points in each sample after cure. The set samples were removed from
the mould rings and the surfaces and edges of each disc were checked to make sure they were
flat and smooth. After that, the sample discs were left at room temperature for 24 h for full

cure.

Figure 5-2 : Light cured dental composite disc (10 x Imm thickness) after removed from metal
ring.

The composite discs were divided into dry and wet; discs that were to be tested in their wet
condition were stored individually in sterilin tubes containing 10 mL of deionized water for

different time periods in an incubator at 37 + 0.5 °C. The circular discs were prepared for
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biaxial flexure strength (BFS) measurements, mass and volume change and chlorhexidine

release.

5.2. Methods

5.2.1. Degree of monomer conversion

The mechanical and chemical properties of light cured dental composites are directly
influenced by the degree of conversion during polymerisation. The degree of conversion is
defined as the extent to which monomers react to form polymers or as the degree of which
carbon double bonds (C=C) form (213). The degree of conversion may be affected by factors
such as; type of photo-initiator, curing protocol, temperature, chemical composition of
sample and the sample thickness

There are many techniques available to determine the degree of conversion of resin
composites such as Fourier transforms infrared (FTIR), RAMAN, differential scanning
calorimetry (DSC) and nuclear magnetic resonance (NMR). FTIR has been widely employed
to identify chemical functional groups by their different vibration modes and for monitoring
the kinetics of chemical reactions. Furthermore, FTIR is a convenient, and reliable method
for measuring the degree of conversion of methacrylate (64, 214). In this study, FTIR
spectroscopy has been used to quantify the degree of monomer conversion in the
experimental and commercial dental composites, and calculate polymerization shrinkage of

the experimental composites.

5.2.1.1. Fourier transform infrared (FTIR)

FTIR spectroscopy is a chemical analytical technique which provides information about the
intensity of infrared light that the materials in solid or liquid phase absorb as function of

wavenumber. Infrared spectroscopy (IR) can be classified according to the wave number into
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near infrared (12800 to 4000 cm™), mid infrared (4000 to 200 cm™) and far infrared (200 to
10 cm™). The mid IR is the most frequently used to measure the conversion of the
methacrylate monomer (64, 69, 215). FTIR allows real time assessment of conversion and the
rate at which a polymerisation reaction progresses. The technique of FTIR used in this thesis

has been outlined previously by Young et al. (69).

5.2.1.2. Principles of infrared absorption

When a molecule absorbs IR radiation, it gains energy as it undergoes a transition from one
energy level (E initia) to another level (E fna)). According to Planck’s law the energy of the
transition and frequency of absorbed radiation f (Hz) are related by the equation below

E,= hf Equation 5-1

Where E; is the energy of transition (E fina - E initia1), (h) is Planck’s constant,

Since f = vc, where v and ¢ are the wavenumber (v) (cm™) and the velocity of light (8x10° m
sh.

E; = hvc Equation 5-2

The wave length lambda ()) is correlated with the frequency (f) by the below equation:
A=c/f Equation 5-3

Therefore, the equation above can be also given as:

E;= hc/\ Equation 5-4

The energy absorbed by a molecule must match exactly that required for a molecular
transition. The molecular bonds oscillate and vibrate at specific frequencies, behaving like
springs. Upon absorption of energy from IR radiation, the vibrational energy and amplitude
of the vibrations are enhanced. There are two types of vibration, one that changes the bond

length (stretching) and the other changes the bond angle (bending). In order to observe these
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changes in FTIR spectra, the vibrational motion should be accompanied by a change in dipole
moment (electron distribution) at both ends of the vibration.

FTIR spectra are generally displayed as a plot of absorbance versus wavenumber (cm™). The
peaks shown in the spectrum correspond with different vibration transitions. The FTIR
spectra is usually divided into two parts. The first part has an absorbed frequency of between
4000 and 1300 cm™ and is mostly related to the vibration of specific functional groups. The
second part has an absorption of between 1300 and 500 cm™ and is associated with the

vibration of the whole molecule and is called fingerprint region.

5.2.1.3. FTIR instrumentation

The FTIR instrument consists of a light source, interferometer, sample, detector and
computer (Figure 5-3). The light beam, which includes all frequencies of IR radiation is
divided into two optical beams via the beam-splitter. The two light are reflected back at the
beam-—splitter by two mirrors. The time needed for the light to travel from the mirror to the
beam-splitter will be different from both beams and will be dependent on the wavelength.
The reflected beams recombine at the beam-splitter and the resultant signal is used to produce
an interferogram. The interferogram can be converted to absorbance versus wavenumber

through computer software and Fourier transformation.
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Figure 5-3: Schematic diagram of FTIR

In this project, experimental formulations with 4-META or HEMA and commercial dental
composite pastes were prepared as mentioned above, and were immediately moulded at room
temperature (23°C) into a brass metal ring (10 mm diameter and 1mm thickness) (n=5) at the
center of the ATR diamond top-plate (Specac Ltd, UK) in an FTIR spectrometer (Perkin
Elmer series 2000, UK). The top surface of the sample of mixed paste was covered with
acetate sheet to prevent oxygen inhibition of the polymerisation. FTIR spectra of the lower
surface of the sample in contact with the diamond were recorded with resolution set at 4 cm™
and wave number range between 400 and 4000 cm™. The number of scans was fixed at 4 s
and the total run time was 20 min for each experimental and commercial composites. After 1
min from start of spectral accumulation, the paste was light cured for 40 s using a blue light

curing unit with a 1100 mW/cm? power output (LED. Demetron I, Kerr, USA).
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The degree of monomer conversion was calculated through change in the height of the
absorbance of the monomer peak at 1320 cm™ (C-O stretch) above the background at 1351
cm™. The percentage of monomer conversion was calculated using Equation 5-5 which is

outlined below:

100[A, - A

Degree of conversion (%) =————= Equation 5-5

A
Where A,and A, were taken as peak height of the C—O bond stretch peak at 1320 cm™ before

and after polymerisation respectively.

5.2.2. Polymerisation shrinkage

Dental composites still exhibit polymerisation shrinkage after curing and this remains a
significant concern in the clinic. Polymerisation shrinkage can be divided into two types; pre
gel and post-gel polymerisation. The pre-gel shrinkage occurs when the composite still flows
and the stress within the materials is relieved. In the post-gel phase, however, the viscosity
increases and the stress from polymerisation shrinkage cannot be compensated for.
Consequently, this post-gel stress will affect the integrity of the bonding to the dentine
interface and filling restoration.

Polymerisation shrinkage is proportional to the degree of conversion (216). One mole of
polymerising C=C bonds typically give a volumetric shrinkage of 23 cm®/ mol (217). The
total shrinkage due to composite polymerisation can then be estimated using Equation 5-6.
vol % = 23N = 100 Equation 5-6

Where N is the number of moles reacted per unit volume. N can be estimated using equation

below:
n; x; .
N = [M]ICpcomp Xi (7) Equation 5-7

Where M is the total monomer mass fraction and C is the final fractional monomer
conversion calculated from FTIR. 2 indicates a sum over all the monomers in the monomer
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phase. ni, Wi and xi present the numbers of C=C bonds per molecule, weight (gmol™) and
mass fraction of monomer respectively.

Total fraction shrinkage ¢ due to composite polymerisation can then be estimated from FTIR
monomer conversion using equation below:

@ =23Cp Zi% Equation 5-8

Where C monomer conversion %, p composite density (g/cm®), n; number of number carbon
double bond per molecular, w; molecular weight of each monomer and Xx; mass fraction of
each monomer

Assuming the formulation behaves “ideally”, and is non-porous, composites density (pcompo
gem™) can be estimated using Equation 5-9 p monomer and p finer are the densities of the

monomer mixture and filler

1/pcomp = m/ Pmonomer + (1 - m)/pfiller EquatiOH 5-9

5.2.3. Depth of cure

The depth of cure of light cure dental composites has been the subject of considerable
laboratory research. Increasing the distance between the light source and the sample will lead
to a decrease in light levels transmitted and in the degree of conversion. Decreasing the
degree of conversion compromises physical properties and increases the elution of the
monomer, and thus might lead to failure of the filling cavity.

Resin composites can be placed in incremental layers to reduce shrinkage. The manufacturers
recommendation is 2 mm incremental (146). In deep cavities, sufficient bonding between
incremental layers is required (147). Moreover, layering is time consuming and involves a
risk of contaminations between increments. Thus, researchers and manufacturers of dental
composites have been developing new types of dental composites with maximal increment

thickness of 4 mm (147).
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A technique for defining the maximal incremental layer of dental composites has been
introduced by the International Organisation for Standardisation ISO 4049 depth of cure
(150). The depth of cure can be measured directly or indirectly. The scraping test is an
indirect method to determine the depth of cure. Direct methods such as FTIR and Raman
spectroscopy take more time and require expensive equipment (218) . The indirect technique
is a simple, inexpensive and suitable technique that researchers can employ when comparing
the depth of cure of different dental composites (149).

According to ISO 4049 standard dental composites should have a minimum depth of cure of
1.5 mm after curing, according to the manufacture instructions (151). According to this
technique the resin composite to be tested is filled in a stainless steel mould, light cured and
pushed out of the mould. The uncured composite is scraped away with a plastic spatula. The
remaining length of hard composite specimen is measured and divided by two. The resultant
value is recorded as the 1SO depth of cure.

This study investigated the ISO 4049 depth of cure of experimental and commercial dental
composites. Three samples of each experimental formulation were condensed into 4 mm
diameter and 6 mm deep stainless steel moulds. Each specimen was cured from top surface
for either 20 or 40 s using a blue light curing unit with a 1100 mW/cm? power output (LED.
Demetron I, Kerr, USA). After light activation, the cylindrical samples were gently removed
from the stainless moulds and the uncured composite was scraped away using a plastic
spatula. The remaining length of the cylindrical cured samples was then measured with a
digitronic caliper (Moore &wright, Shanghai, China) at 4 different points in each sample. The
average reading length was recorded in millimetres and then divided by two to obtain the 1ISO

standardised depth of cure (150, 151).
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5.2.4. Mass and volume change

The mass and volume change is important when characterising the properties of dental
composites. Resin composite should be stable and will constantly be interacting with its
surrounding environment (219). The water absorption of a material represents the amount of
water adsorbed through the exposed surface and into the body of the material (72). Over time,
water sorption and dimension change in dental composite is one of the major disadvantages
which might lead to the leaching of uncured monomers, decline of mechanical properties and
restoration failures (174). This is mainly due to the breakdown of the bond between the silane
and filler or of that between the filler and matrix.

The dimensional stability of dental composites is affected by polymerisation shrinkage and
thermal contraction and expansion within the oral environment. This dimensional change
occurs as the filling materials are continually immersed in an oral environment and water
absorption for some materials is inevitable (220).

Conversely, water sorption might also lead to the expansion of composite filling, and increase
in weight of the materials. This may lead to micro-cracks and reduced service life of the
dental restoration (153). Interestingly, this expansion by water sorption may also help to
relieve stress on the tooth and filling materials interface produced during polymerisation
shrinkage (158).

In the present study, the mass and volume change of experimental and commercial resin
composites were gravimetrically determined using a four-figure balance (Mettler Toledo)
with attached density kit (OHAUS Pioneert, UK). The commercial, controlled experimental
and experimental formulations containing different levels of calcium phosphate (0, 10, 20 and
40 wt %) and CHX were made. The sample discs (10 mm diameter and 1 mm thick) were
prepared as explained above in the composite disc preparation section. Each composite

sample was immersed in 10 mL of distilled water in a sterilin tube and incubated at 37 £ 0.5
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°C for various time points up to 4 months (1, 2, 4, 6 h,1, 2, 3 days and 1,2,3 weeks and
1,2,3,4 months (n=3). At each time point, the sample discs were removed from the water and
blotted dry on paper tissue (according to 1ISO 4049 standards to remove excess water). After
that the samples were weighed in air for mass change and weighed in water for volume
change. Subsequently the samples were placed in new tubes containing fresh distilled water
(195, 198). The weights were recorded and percentage volume and mass change at each time
point was determined using Archimedes’ principle. The sample mass in air and following

immersion in water can be combined to calculate the density of a sample via Equation 5-10:

A .
P=1"% (po-pL) + PL Equation 5-10

Where p is the density of the sample, A and B represent the weight of the sample in air and
solution respectively, po the density of solution and py the density of air (0.0012 g / cm®) The
percentage mass and volume change of the sample at each time point was determined using

Equations 5-11and 5-12 respectively:

Mass change (%) = w Equation 5-11
0

Volume change (%) = w Equation 5-12
0

M, and V; represent the mass and volume at time (t) after immersion in water, while My and

V) are the initial mass and volume respectively.

5.2.5. Ultraviolet-visible Spectroscopy

Ultraviolet spectroscopy has been used for more than 30 years to analyse interaction between
electromagnetic radiation and matter. UV spectroscopy is the measurement of the amount of

light passing through a sample. UV visible light has a wavelength range of between 200-800

nm. When light passes through any homogenous solution, it can be transmitted through the
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solution, scattered, reflected from the surface of the solution and absorbed within the
solution. The absorption of light in the UV spectra is dependent on the electronic structure of
the absorbing molecules.

Once the sample is exposed to light that matches the energy difference between a possible
electronic transition within the molecule, a fraction of light will be absorbed. The excitation
might include both bonding and nonbonding electrons. The recorded spectra plotted as

absorbance (A) versus wavelength (1) as shown in Figure 5.4.
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wavelength (nm)

Figure 5-4: Diagram showing UV spectrum of chlorhexidine in water

The relationship between absorbance and intensity of incident light (I;) and transmitted (l;)
light through homogenous absorbing systems at a given monochromatic wavelength is given
by the Beer-Lambert law in Equation 5-13:

A= —-Log|[I;/I,] = kcl Equation 5-13
Where A is the absorbance, while I is the light path length (cm), c is the concentration of

absorbing species (mol L) in solution (deionised water) and k is the molar absorptivity (L
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mol™ cm™). At a given wavelength, the molar absorptivity (molar extinction coefficient) for
any absorbing species is a constant.

The Ultraviolet-visible spectrometer (Figure 5.5) consists of UV light source (deuterium
lamp) for the range of 160-375 nm and visible light source (tungsten lamp) for the range 360-
1000 nm. The light beam enters the monochromator through a slit. Subsequently light is
reflected via mirrors to a diffraction grating, which can be rotated to allow specific
wavelength selection. The monochromatic light then passes through an exit slit into a beam
splitter, which splits the light in two. One beam is allowed to pass through the reference cell
(quartz cuvette that contains the solvent only) and the second passes through the sample cell
(cuvette that contains the sample). The detector measures the difference between the two and

provides rate of the absorbance which occurred due to the sample.

Reference cell

Light source

Entrance slit

Sample cell
Beam splitter

Reflection grating .-

Monochromator Exist slit

log (Io-I) A —
\M . |
—_—

200 nm T00

Figure 5-5: Diagram of UV spectrometer.
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5.2.5.1. Sample preparation for chlorhexidine release

In this project, UV spectrometry was used to quantify CHX release from experimental
composite disc containing adhesive monomer 4-META or HEMA, different levels of CaP (0,
10, 20 and 40 wt %), and 5 wt % chlorhexidine. The sample discs were prepared as
mentioned in mass and volume change. Each sample was immersed in 10 ml of
distilled/deionized water in sterilin tubes in an incubator at 37 £ 0.5 °C for 1, 2, 4,6 h, 1, 2
days and 1 to 16 weeks (n=3). At each time point, the samples were removed and placed in
new sterilin tube and fresh deionized water. The UV spectra of storage solutions were
obtained at each time point between 190 and 300 nm using a UV 500 spectrometer (Thermo-
Spectronic®, UK).

These were compared with calibration graphs created in the same range of solutions of
known concentration of CHX to confirm that the CHX was the only component exhibiting
absorbance. A calibration curve was prepared using 5 CHX concentrations (1.25, 2.5, 5, 10
and 20 ppm) as shown in Figure 18. The maximum absorption of CHX was found at 231 and
255 nm. By plotting concentration versus absorbance, the calibration curve for CHX was
obtained (Figure 5-6) and the gradient calculated through linear regression. The CHX peak at
255 nm was therefore used to calculate the amount of CHX release (R; in grams) between

different time points from each sample using Equation 5-14 below:

R, ==V Equation 5-14

QI

Where A is the absorbance at 255 nm, g is the gradient of a calibration curve of absorbance
versus CHX concentration and V is the storage solution volume (10 ml).
The percentage cumulative amount of drug release (% R() at time (t) was then found using

Equation 5-15:

100 [35 Ry

%R, = =i

Equation 5-15
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Figure 5-6: Calibration curve of the absorbance of 5 wt % CHX concentrations (absorption at
255 nm)

5.2.6. Biaxial flexural strength test and modulus

There are many tests to evaluate the mechanical properties of dental composites at the failure
point, such as compressive strength, tensile strength and flexural strength. A brittle dental
material is much weaker in tension than in compression; consequently, when it comes to
evaluating brittle materials, tensile strength is a more reliable test (221).

Biaxial flexural strength (BFS) test has been used to evaluate the mechanical behaviour of
experimental formulations and commercial dental composites. Dental composites should
have sufficient mechanical properties to withstand stresses from masticatory forces or
residual internal stresses during curing (222). Moreover, dental composites are exposed to

both tensile and compressive stress under flexural strength testing (223).
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5.2.6.1. Biaxial flexure test

The most common flexure test methods for characterising maximum tensile stress in a
material at failure point are the three and four point bending tests. These tests are
recommended in 1SO 4049:2009 for determining the flexure strength of polymer based filling
materials. Furthermore, three and four point bending tests have been used to determine the
flexural strength of cement materials (121, 128, 224). Biaxial flexure strength tests, however,
have also been used broadly to determine the mechanical properties of resin dental materials
(109, 198, 225-227).

According to the ISO 4049 standards the three and four bending tests require large samples
sizes compared to biaxial tests. This means multiple curing with 10 mm diameter light source
is required to polymerise the large samples; consequently this may lead inhomogeneous
polymerisation and enhanced variability (228). Moreover, extra materials are required to
prepare the samples for mechanical properties and are more costly. The main disadvantage
doing a test with a large sample is that it is difficult to manufacture and the possibility of edge
failures, due to likelihood of unavoidable flaws at specimen edges is hugely increased (153).
Biaxial flexure testing however reduces edge effect failures. Moreover, composite discs (10
mm diameter and 1 mm thick) are easier to prepare, can be cured in a single step (225, 227,
229) and can be used for other studies (water sorption, CHX release conversion and
polymerisation shrinkage). The BFS test is more reliable for dental materials and more
representative of occlusal stress (230). There are several forms of BFS test methods in jig

geometries, including ball-on-ring, ball-on-three-ball, piston-on-ring and others (231).

5.2.6.2. Disc Specimen Preparation for BFS and modulus

The BFS and modulus of experimental formulations and commercial dental composites were
determined using a “ball-on-ring” biaxial test (Figure 5-7). Composite discs (with 10 mm

diameter and 1 mm thick) as in Figure 14 were prepared for each experimental formulation
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and commercial composite as mentioned before in sample disc preparation (sample repetition
n=6). The samples discs of all materials were left to dry for 24 h in order to fully cure.
Subsequently, the composite discs were stored either dry at room temperature 23 +1 °C or
hydrated in sterilin tubes containing 10 mL of distilled water for 24 h, 1 and 4 weeks in an

incubator at 37 + 0.5°C.

Composite disc

Figure 5-7: BFS jig with ‘ball on ring’ jig.

For testing the sample was placed on a knife edge ring support (4mm) and the BFS was
determined using a computer-controlled universal testing machine (Instron 4505, Canton,
MA, USA) with a 1 kN load Instron cell as shown in Figure 5-8. The crosshead speed was set
as 1 mm/min.

The load and central deflection of the disk were recorded and plotted on a load versus
deflection graph (Figure 5-9). From this graph, the maximum load at fracture and the pre-
fracture slope were determined to find the BFS and elastic modulus respectively.

The BFS and modulus were determined using Equation 5-16 (232).
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o=—|a+ ) (0.485 (%) +0. 52) +0.48) Equation 5-16

Where o is the biaxial flexural strength (MPa), (P) is maximum load at break (kN), (t) is
thickness of sample (mm), v is Poisson’s ratio (0.3) and a is support radius (mm). The 95 %
confidence interval was calculated assuming 95 % CI = 2SD/vn where (n) is the number of

samples.

Biaxial |
Load cell Tip iaxial Samples
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Supporting ring/

Figure 5-8 Schematic of Biaxial test
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Figure 5-9 : Load vs. central deflection plot generated by the computer connected to the load of
the cell.
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5.2.6.3. Modulus

The Young’s modulus of a composite disc was found from the gradient of the load versus the
central deflection plot. The deflection of the centre of the disc specimen during testing is

related to the applied load using Equation 5-17 (233).

2
E = 0.502 5 (%) Equation 5-17

w \h3

Where E is Young’s (elastic) modulus (GPa) and df/dw is the slope of the load versus central

deflection plot, a is support radius (mm), h is average thickness of the sample (mm).

5.2.7. Adhesion test

5.2.7.1. Push out test

The push-out test has been used in dental research for many years. In 1973 it was used to
evaluate the bonding of adhesive to root canal and in 1996 to assess the bonding of bone to
orthopaedic implants (234, 235). More recently, the push out test has been used to evaluate
the bond strength of filling materials in root canals (236). Push out strength estimates clinical
failure better than a shear test because the fracture occurs parallel to the dentine interface
(237). Furthermore, this method simultaneously provides information about marginal sealing
(238). In addition, push out tests mimic the clinical situation more closely (239) .

In this project, the push out test was carried out using ivory tusks. Ivory tusks consist of an
inorganic component hydroxyapatite which gives strength and rigidity and an organic
component (collagen) for flexibility, growth and repair. Elephant tusks have a similar
physical structure to human teeth: dentine, cementum and enamel, the latter found in the tip
of the tusk only (240). Dentine is the main component of the teeth while cementum forms the
outer layer surrounding the dentine of the tusk. lvory cementum is the hardest animal tissue

and covers the surface of the tusk which receives the most wear (241, 242).
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Ivory dentine has been used to assess adhesion between endodontic posts and adhesives
(243). Ivory tusks are suitable as they allow the testing of large numbers of samples in a
standardised way. This would not have been possible using human teeth samples.

The ivory tusk used in the following studies was seized under the Convention on
International Trade in Endangered Species (CITES) and donated by the UK Border Agency
Heathrow. It must be noted that this tusk may only be used for academic research and
teaching purposes and must be returned for destruction if not destroyed during testing. The
use of ivory can only currently be justified when there is material available that would
otherwise be destroyed after seizure. The outer layer (cementum) of tusk was cut
longitudinally from all sides with a tile cutter into rectangular blocks of ~ 30 mm? dentine.
Using a diamond saw these blocks were then further cut transversely; parallel to the direction

of dentinal tubules, to give blocks of 33 x 30 mm in length and 5 mm in depth (Figure 5-10).

Figure 5-10: Schematic photographs ivory tusk rectangular block and cylindrical holes.

The samples are stored dry at room temperature 23 °C £ or placed in distilled water for 24 h
in an incubator at 37 °C + and then left to dry in the incubator for a further 24 h (control

hydration). This resulted in a slightly moist dentine and was found to improve
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reproducibility. A 3 mm diameter bur and drill was used to create 5 mm deep cavities entirely
through each block and perpendicular to the tubules. The resultant holes were whither
etched with 37 % phosphoric acid for either 0 s (i.e. no treatment) or 20 s. The etchant gel
was washed with copious amounts of water and dried using a filter paper. Moreover, applying
dental adhesive gel | bond Total Etch (Heraeus-Kulzer,Hanau,Germany) for 20 s and then
cured for 20 s with same light cure gun. Finally, cavities were fully filled with either the
commercial or experimental composite pastes prepared as above in materials section. Each
filling cavity was cured top and bottom for 40 s with the blue light curing unit. The samples
were then stored in an incubator at 37 + 0.5 °C for 24 h prior (n=6).

The push out test was performed with a computer-controlled universal testing machine
(model 4505, Instron, Canton, MA, USA) with 1 or 50 kN load cell (244). The ivory dentine
blocks were placed on an aluminium device, with a central hole to allow the displacement of

the filling materials upon application of load (Figure 5-11).

Figure 5-11: Push out test using Instron instrument and ivory dentine filled with composite
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The load was applied at a cross head speed of 0.5 mm/min through a plunger positioned on
the surface of the composite filling (245). The debonding stress was defined as the maximum

load that could be applied before the filling began to be pushed out from the cavity.

5.2.7.2. Shear test

The Shear bond strength test was performed using wet ivory dentine (control hydration) as
above in push out test The ivory was cut into approximately 1 cm® blocks, by using a
diamond saw, and fixed in self-cured acrylic resin as shown in Figure 5-12. The top surface
was ground using a polishing machine (Struers, Denmark) with silicon carbide paper (500
grain) to create a standardised smear layer on the exposed ivory surface. The dentine
orientation was such that dentinal tubules were perpendicular to the top surface. The ivory
dentine was treated as above. The composite pastes were then placed in two incremental
layers in stainless steel tubes placed on the surface of the exposed dentine. The tubes had a
chamfered edge to reduce dentine contact and were 4 mm in diameter and 6 mm in height.

Each incremental layer was light cured for 40 s as above.

Figure 5-12: Ivory dentine fixed in self-cured acrylic resin
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The samples were subsequently stored in an incubator at 37 £ 0.5 °C for 24 h. The shear
bond test was performed according to ISO 29022:213 using the Instron machine with a “flat-
edge shear fixture jig” as in Figure 5-13 (a & b). The jig consists of a holder that fixes the
surface of the dentine directly against a blade. Upon application of a load the blade provides
an increasing shear force on the composite containing cylinder. The test was conducted at a
cross-head speed of 0.5 mm/min, using a 1 kN load cell. The bond strength was calculated
using Equation 5-18:

S = Equation 5-18

>

Where P is the maximum load at bond breakage and A is the composite surface area in

contact with the dentine.

Figure 5-13: a) lvory sample secured in flat edge shear fixture jig, b) Instron machine with
“flat-edge” shear bond testing jig.
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5.2.8. Statistical analysis

5.2.8.1. Linest analysis

In this project a Linest functional in Microsoft office excel (Microsoft, 2010) was used to fit
straight lines to data. This is an alternative to using the data Analysis package commonly
installed in most versions of Microsoft Excel called the Regression Function. The benefit of
using a Linest function is the ease of using it multiple times to generate many regressions.
The Linest function calculates the statistics for a line by using the "least squares” method to
calculate a straight line that best fits the data. Linest can also combine other functions to
calculate the statistics for other types of models including, polynomial, logarithmic,
exponential, and power series. The equation of a straight line is;

Y=MX+B Equation 5-19

Where the dependent (YY) values are a function of the independent (X) values, (M) is the
slope or gradient of the line, equal to the change in Y/change in X, and can be positive or
negative. (B) is the point where the line crosses Y-axis

The Syntax for linest function is; Linest = (value Y’s, value X’s), (const), true

The p value for statistical description can be calculated from the Linest function result by
using the function TDIST.

The Syntax for the Linest function is “TDIST” (intercept/standard error, degree of freedom,
2). These outcomes explain if the data is statistically significant or not, when the p value is
smaller than 0.05 the data is often considered as statistically significant.

In this project, the functional Linest analysis was used on the experimental formulations as
described above. The x-axis represented the calcium phosphate (CaP) levels in most of the
results, except in mass and volume changes and chlorhexidine release where the x axis was

the square root of time. The y-axis results are shown in Table 5-6.
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Table 5-6: Shows the X and Y axis for Linest equation for experimental formulations with 4-
META and HEMA.

X axis Y axis
Degree of conversion Cap levels Degree of conversion (%)
Polymerisation shrinkage Cap levels Polymerisation shrinkage (%)
Depth of cure Cap levels Depth of cure (mm)
Mass and volume change Time (SQRT) Mass and volume change (%)
Chlorhexidine release Time (SQR) Chlorhexidine release (%)
Biaxial flexural strength CaP levels BFS (MPa)
Adhesion tests CaP levels Interfacial stress (MPAa)

5.2.8.2. Statistical analysis

In all studies, the data was statistically analysed with analysis in the first instance of variance
(ANOVA) with statistical software SPSS (SPSS 21.0, Chicago, IL, USA). For all technique
analysis the differences between groups were identified using post-hoc multiple Bonferroni
comparisons test at P < 0.05.

In the first study, for the controlled experimental and commercial dental composites ANOVA
were used. A Bonferroni post-hoc test was used to determine whether there was a significant
difference between the control and commercial dental composites, and between experimental

formulations with 4-META and HEMA with different levels of CaP.
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6. Control and commercial dental composites

6.1. Introduction

The data provided in appendices 1, 2 and 3 informed the choice of particle source, PLR,
monomer types and levels for study in this next chapter. In the experimental composites Bis-
GMA was replaced by UDMA due to the toxicity concerns which can rise when low
conversion rates result from the relatively high glass transition temperature of this monomer
(76, 231, 246). Additionally, TEGDMA was replaced by higher molecular weight diluent
monomer PPGDMA. Its large size in combination with a greater degree of conversion,
compared to TEGDMA containing composites can further reduce toxicity concerns.

This chapter provides results for control experimental formulations containing UDMA:
PPGDMA at 68:25 wt %. Previous work revealed that the addition of filler particles to 70/30
wt % base monomer and diluent lead to a higher value of conversion and mechanical
properties (109, 247). To this was added, 4-META or HEMA (5 wt %) fixed at the maximum
solubility of 4-META, in the other monomers to enhance bonding. Furthermore, CQ and
monomers and CQ and amine accelerator NTGGMA (each 1 wt %) was included instead of
traditional amines, as initiator and co-initiator, at the maximum solubility as it is able to bond
with both monomers and calcium. Controlled formulations contained solely glass particles in
the filler phase. The powder to liquid ratio was 3:1 by weight.

Commercial dental composites Z250, EcuSphere and Gradia were selected for comparison.
The properties evaluated included: chemical composition and monomer conversion, the depth
of cure and mass and volume changes. The mechanical properties assessed included the
biaxial flexure strength (BFS) and Young’s modulus. Moreover, push out and shear bond

strengths with ivory were assessed.
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6.2. FTIR spectra for individual dental monomers

FTIR spectra for monomers used in commercial composites, including Bis-GMA, Bis-EMA,
UDMA and TEGDMA are shown in Figure 6-1. The spectra have strong monomer peaks at
1716 cm™ due to a methacrylate C=0O stretch. The absorbance of this peak is higher in
UDMA and TEGDMA as compared to Bis-GMA and Bis-EMA. Peaks at 1636 and 1400 cm’
! are due to C=C stretch and a C-H attached to C=C in uncured methacrylate. Further, peaks
were observed at 1612 cm™ due to aromatic C=C in benzene rings of Bis-EMA and Bis-
GMA. The peak at 1530 cm™ in the UDMA spectra is due to an N-H deformation. In all
monomer spectra, peaks appeared at 1452 cm™ due to aliphatic C-H vibrations, 1296 and

1320 cm™ associated with C-O stretch and 1164 cm™ due to C-O-C asymmetric stretch.
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Figure 6-1: FTIR spectra for monomers used in commercial dental composites
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6.3. FTIR spectra for commercial composites

6.3.1. Z250

Figure 6-2 shows the FTIR spectra for Z250 dental composite before and after light curing
for 40 s. The peaks shown at 1608 cm™ are the result of the carbon double bond in the
aromatic benzene ring found in both Bis-EMA and Bis-GMA. A strong monomer beak at
1718 cm™ (C=0 stretch) is also observed (248). There was decrease in the intensity of 1298
and 1318 cm™ (C-O stretch) peaks upon polymerisation. The strong peak at 1027 cm™ is due
to high filler loading and small particles making better contact with the FTIR diamond than

larger particles.
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Figure 6-2: FTIR spectra for Z250 dental composite before and after light cure for 40 s
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6.3.2. Gradia

The FTIR spectra for the commercial dental composite Gradia before and after 40 s light
curing are presented in Figure 6-3. The figure shows the high absorbance peaks associated
with UDMA at 1530 and 1716 cm™. The 1636 cm™ C=C stretch peak decreased after
polymerisation as did those at 1320 and 1298 cm™ (C-O stretch). The dominate peak at 981
cm™ is primarily the result of the glass filler phase. This may lower than in Z250 due to glass

filler content.
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Figure 6-3: FTIR spectra for Gradia dental composite before and after light cure for 40 s.
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6.3.3. Ecusphere

FTIR spectra for commercial dental composite Ecusphere before and after curing for 40 s are
displayed in Figure 6-4. The peak at 1512 cm™ (C=C stretch) is consistent with the presence
of Bis-GMA. The high intensity peaks at 1720 cm™ (C=O stretch) and 1320 cm™ (C=0
stretch) may be due to any methacrylate monomer. The intensity of the peak at 996 cm™ due
to the glass filler phase may be due to both high filler loading and good contact with the FTIR

diamond due to small size
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Figure 6-4: FTIR spectra for Ecusphere dental composite before and after light cure for 40 s
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6.3.4. FTIR spectra for control experimental

The FTIR spectra for control experimental formulations with 4-META and HEMA before
and after curing for 40 s are exhibited in Figure 5-6 (a & b). The peaks at 1716 cm™ (C=0
stretch) 1640 cm™ (C=C stretch), 1456 cm™ (C-H scissor) and 1376 cm™ (C-H bend)
1294/1320 cm™ (C-O stretch), 1152 cm™ (C-O-C asymmetric stretch) and changes with light
exposure are all consistent with a polymerising UDMA / PPGDMA mixture. The glass peak

at 950 cm™ may be low due to lower filler loading and large filler particle size.
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Figure 6-5: FTIR spectra for control experimental formulations with 4-META (a) and HEMA
(b) before and after curing for 40 s
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6.4. Degree of conversion of control formulations and commercial
composites

The degree of conversion for control experiential formulations and commercial dental
composites after curing for 40 s is provided in Figure 6.6. The figure reveals that the control
experimental formulations with HEMA and 4-META at 80 % + 1.6 and 77 % + 1.6
respectively, had the highest level of conversion as compared to commercial composites. The
Ecusphere dental composite generally had a higher conversion (68 % + 1.6) than Z250 and

Gradia, which had only 47 % + 1.5 and 55 % + 1.4 conversions respectively.
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Figure 6-6: Degree of conversion for control experimental and commercial composites after
curing for 40 s. The error bars indicate 95 % C.I of the mean (n=5).
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The subsequent result from one way analysis of variance (ANOVA) showed that there was
sufficient evidence to reject the null hypothesis that the mean conversion in the five dental
composites was the same (P < 0.001). The post-hoc Bonferroni multiple comparisons
showed that there were significant statistical differences between control experimental
formulations and commercial composites. Furthermore, all commercial composites were
significantly different from each other (P < 0.001 in all cases). There were no significant
statistical differences, however, between HEMA and 4-META control formulations (P =

0.085).
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6.5. Depth of cure

The average 1SO 4049 depth of cure for control experimental formulations and commercial
dental composites after curing for 20 and 40 s is represented in Figure 6-7. The dental
composites showed a slightly increased depth of cure measurement at 40 s as compared to 20
s cure. All dental composites after curing for 20 and 40 s, complied with the ISO standard for
the depth of cure, which is a minimum 1.5 mm. The analysis of variance (ANOVA) showed
that the only variable causing a significant statistical effect on depth of cure was curing time

of 20 versus 40 s (P > 0.001).

m40s #20s

Depth of cure (mm)

AMETA HEMA Z250 Ecusphere Gradia

Figure 6-7: Depth of cure for control formulations with 4-META / HEMA and commercial
dental composites after curing for 20 and 40 s. The error bars represent the 95 % C.1 . (n=3)
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6.6. Mass and volume change

Average mass and volume change for control experimental formulations and commercial
dental composites over a period of five months plotted versus root square root (SQRT) of
time are shown in Figure 6-8 (a & b). In all dental composites the mass and volume increased
linearly upon water sorption with the square root (SQRT) of time for the first 24 h. The
control experimental formulation with HEMA had the highest final mass and volume change
with 1.3 wt % and 1.8 vol % increases respectively. Conversely, control experimental
formulation with 4-META had the lowest final volume change of 1.2 vol %. Ecusphere had

the lowest final mass change of 0.83 wt %.
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(b) Gradia  XEcusphere ~ mZ250 HEMA  #4-META
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Figure 6-8: Mass and volume change (a and b) in deionised water for control experimental
formulations with 4-META/ HEMA and the commercial composites. The error bars represent
95% C.I of the mean (n=3).

The two way analysis of variance (ANOVA) demonstrates that there was sufficient evidence
to accept the null hypothesis that the mean initial 24 h mass and volume change in control
and commercial composites was not same P= 0.352 0.453 respectively. However, the
maximum mass and volume change was the same between the composites (P < 0.001). Post-
hoc Bonferroni multiple comparisons for maximum mass showed that there was significant
statistical difference between 4-META and all other composites (P < 0.001) except between
4-META and Ecusphere (P = 0.235). There were also no statistical difference between
HEMA and Z250 (P = 0.615) and Gradia and Z250 (P= 0.145). In terms of maximum volume
change there were statistical difference between 4-META and HEMA, 4-META and Z250 (P

< 0.05) and between Ecusphere and HEMA as well as Ecusphere and Z250 Gradia (P < 0.05).
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6.7. Biaxial flexural strength and Young’s modulus

6.7.1. Biaxial flexural strength

The average biaxial flexural strength (BFS) for control experimental formulations and
commercial dental composites both dry and hydrated (24 h, 1 day and 28 days immersion in
deionised water) are provided in Figure 6-9. It is shown that the initial dry strength for 4-
META and Z250 composites had the highest BFS of 170 + 9 MPa, followed by HEMA and
Ecusphere composites with 163 + 6 and 157 + 9 MPa respectively. However, Gradia dental

composite had the lowest BFS with 96 + 5 MPa.
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Figure 6-9: BFS for control experimental and commercial dental composites dry and wet (after
immersion in water for 24 h, 7 day and 28 days). The error bars represent 95% C.I of the
mean. (n=6).
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Upon immersion in water for 24 h, all of the control experimental and commercial
composites exhibited a decrease in strength. Further decline in strength was shown after 7
days in water. Whilst the control experimental materials and Z250 showed only minor decline
after this time that of Ecusphere and Gradia was more evident.

Two away analysis of variance (ANOVA) provided sufficient evidence to reject the null
hypothesis that the variances for BFS between the composites were equal at all-time points (P
< 0.001). Post—hoc multiple Bonferroni comparisons showed that the strength of the 4-META
formulation or Z250 was significantly different from Ecusphere and Gradia at all-time points
(P < 0.001). It was also significantly different from the HEMA formulation after immersion
in water (P = 0.025). The HEMA formulation was significantly different from Gradia at all

times and greater than that of Ecusphere after 28 days (P < 0.001).

6.7.2. Young’s modulus

The average flexural modulus for control experimental and commercial composites dry or
wet for (24 h, 7 day and 28 day immersion in deionised water) are provided in Figure 6-10.
The data showed that dry modulus for 4-META and Z250 composites had the highest elastic
modulus of 5.4 + 0.2 and 4.9 + 0.7 GPa respectively, followed by HEMA and Ecusphere with
4.7 + 0.6 GPa. However, Gradia dental composite has lowest modulus with 3.3 £ 0.4 GPa.

Upon immersion in water for 24 h all of the control experimental and commercial in modulus
has declined, with further decrease observed after 7 days. Whilst the Gradia dental composite
showed only minor decline after this time, that of control formulations Z250 and Ecusphere

were more evident.
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Figure 6-10: Young’s modulus for control experimental and commercial dental composites dry
and wet (after immersion in deionised water for 24 h, 7 day and 28 days). The error bars
indicate 95 % C.I of the mean. (n=6)

A Two way analysis of variance (ANOVA) disclosed that there was sufficient evidence to
reject the null hypothesis that the variance for modulus between the composites were equal (P
< 0.001) at all times. Post-hoc multiple Bonferroni comparisons showed that the modulus of
both control formulations with Z250 and Ecusphere were significantly different from Gradia
at all-time points (P < 0.001). However, there were no significantly different between the 4-
META formulation and HEMA, Z250 and Ecusphere at all-time point (P > 0.05) expect
HEMA in dry and 7 day samples (P < 0.05). Furthermore, HEMA formulation was not

significantly different from Z250 (P > 0.05) at all-time point except in 7 days sample.
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6.8. Push out adhesion test

6.8.1. Dry ivory dentine
The average push out test results for commercial and control experimental composites from dry ivory
dentine are given in Figure 6-11. This data reveals that the debonding stress was on average 46 %

higher after acid etching of ivory dentine as compared with non-etched dentine.
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Figure 6-11: Push out stress with dry ivory dentine for control experimental formulation and
commercial composites with acid etched dentine for 20 s and no-etched. The errors represent 95
% C.I of the mean. (n=6).

With no acid etching of the ivory dentine, control formulations with 4-META showed the
highest push out stress of 29 + 5 MPa followed by HEMA with a push out stress of 19 + 4
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MPa. The push out stress for all commercial composites with un-etched dentine was ~ 15
MPa.

After acid etching the control formulation with 4-META followed by that with HEMA, had
the highest push out stress results of 52 £ 5 and 33 + 6 MPa respectively. The push out result
for commercial composites was also comparable at ~ 27 MPa.

The two way analysis of variance (ANOVA) provided sufficient evidence to reject the null
hypothesis that the variance for dry debonding stress between the composites and etching
condition were equal (P < 0.001). Post-hoc comparisons showed etching had a significant
effect on debonding stress for all formulations (P < 0.001). Furthermore, the control
formulation with 4-META gave a significantly higher debonding stress than all other
materials (P < 0.001). However, there were no significant differences between all commercial

composites with and without acid etching (p > 0.05).

6.8.2. Wet (control hydration) ivory dentine

The average debonding stress of commercial and control experimental composites from wet
ivory dentine are represented by Figure 6-12. The debonding stress was on average 1.8 times
higher after acid etching of the dentine, compared with non-etching dentine. With no acid
etching of the ivory dentine, the control formulation with 4-META showed the highest
debonding stress (56 = 5 MPa) in comparison to other control and commercial composites.
The results showed that HEMA formulation and Z250 were comparable (37 £ 5and 35 + 4
MPa respectively) but both were significantly higher than Ecusphere and Gradia (30 and 22

MPa respectively).
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Figure 6-12: Push out stress with wet ivory dentine for control experimental and commercial
composites with acid etched dentine for 20 s or no-etched. The error bars represent 95% C.1 of
the mean. (n=6).

After acid etching the control formulation with 4-META, followed by that with HEMA, had
the highest push out stress of 106 + 9 and 80 + 4 MPa respectively. The push out stress for

commercial composites with Z250 was higher (54+ 2 MPa) in comparison with other

composites (~ 45 + 3 MPa).
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The two away analysis of variance (ANOVA) presented sufficient evidence to reject the null
hypothesis that the variance for hydrated debonding stress between the etched composites and
non-etched composites were equal (P < 0.001). Post-hoc comparisons showed etching had a
significant effect on debonding stress for all formulations (P < 0.001). Furthermore, the
control formulation with 4-META gave a significantly higher debonding stress than all other
materials with and without acid etching (P < 0.001). The HEMA formulation was
significantly different from Gradia and Ecusphere regardless of acid etching (P < 0.05). There
were no significant statistical difference found between commercial composites Z250 and
Ecusphere with and without acid etching (P > 0.05), as well as between Ecusphere and

Gradia (P > 0.05).
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6.8.3. Push out stress with self-adhesive Ibond

The push out stress results for commercial and control composites with a self-adhesive Ibond
IS given in Figure 6-13. It can be seen that control formulation with 4-META with Ibond
showed the highest debonding stress of 207 + 7 MPa, followed by Ecusphere composite of
196 £ 7 MPa. The push out stress for HEMA formulation was 171 + 14 MPa; however, Z250

and Gradia composites had the lowest push out stress with ~ 142 MPa.
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Figure 6-13 : Push out stress with wet ivory dentine for control formulations and commercial
composites with self-adhesive Ibond. The error bars represent 95 % C.I of the mean. (n=6).
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The analysis of variance (ANOVA) showed that there was sufficient evidence to accept the
null hypothesis that the push out stress with a self-adhesive Ibond variance between the
composites were not equal (P value = 0.857). Post-hoc Bonferroni comparisons showed that

the self-adhesive Ibond had no effect between all composites (P > 0.999).
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6.9. Shear test

The average shear bond strength of commercial and control composites from wet ivory
dentine is provided in Figure 6-14. It can be seen the shear bond strength was on average 1.8
times higher after the dentine had been etched with phosphoric acid, in comparison to those
which had not etching. In term of non-etched dentine, the control formulation with 4-META
showed the highest shear bond strength of 11 + 1.2 MPa followed by HEMA with a shear
strength of 8 MPa. The Z250 composite had lowest shear bond strength of 1 MPa as

compared to Ecusphere and Gradia ~ 3 MPa
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Figure 6-14: Shear bond strengh with ivory dentine for control formulations and commercial
composites with acid etching dentine for 20 s or no etching. The error bars represent 95% C.1I
of the mean. (n=6).

113



After acid etching the control formulation with 4-META followed with HEMA had the
highest shear strength of 15 + 1.4 and 12 + 0.6 MPa respectively. Once more, the Z250
composite had lowest shear bond strength (3 £ 1 MPa) as compared to Ecusphere and Gradia
(~ 5 MPa).

Post-hoc Bonferroni comparisons revealed etching had a significant effect on shear bond
strength for control formulations (P < 0.001) as compared to other composites. Furthermore,
the control formulation with 4-META and HEMA displayed significantly higher bond
strength than all other materials, regardless of acid etching (P < 0.001). On the other hand,
there were no statistical significant differences across shear bond strength and commercial

composites (P > 0.05) with and without acid etching for 20 s.

6.9.1. Shear bond strength with self-adhesive Ibond

The average shear bond strengths for commercial and control composites with lbond are
provided in Figure 6-15. It can be seen that the control formulation with 4-META showed the
highest shear bond strength (50 + 3 MPa), followed by the formulation with HEMA (40 + 3
MPa). The shear bond strength for the commercial Z250 composite was (36 + 2 MPa).
However, the lowest shear bond strength was on average ~ 29+ 2 MPa recorded from both

Ecusphere and Gradia composites (30 £ 3MPa).
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Figure 6-15: Shear bond strengh with ivory dentine for control formulations and commercial
composites with Ibond. The error bars indicate 95% C.I of the mean. (n=6).

The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the shear bond strength and Ibond variance between the composites were
equal (P < 0.0001). Multiple post- hoc Bonferroni comparisons revealed that the shear bond
strength of 4-META formulation displayed a significant statistical difference to all other
materials (P < 0.001). The HEMA formulation was also significantly different from the
commercial composites (P < 0.001) except Z250 (P > 0.05). There was no significant

statistical difference between Ecusphere and Gradia (P > 0.999).
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6.10. Discussion

6.10.1. Degree of monomer conversion

The first study compared the chemistry and degree of conversion of control experimental
composites containing 4-META or HEMA adhesive monomer and solely 100 % glass
particles, with three commercial dental composites (Z250, Gradia and Ecusphere) used to
provide baseline values. In the above study the degree of conversion at 1 mm depth was
assessed as the FTIR method gives conversion on the lower part of the sample.

The FTIR spectra of Z250 and Ecusphere composites both displayed a peak at 1600 cm™.
This is characteristic of with a C=C group present in the Bis-GMA aromatic ring. However,
Gradia dental composite exhibited high intensity peaks at 1528 cm™, confirming the use of
UDMA. In addition, there were variations in the peaks at ~1000 cm™ which is a likely
consequence of different filler particles size in Z250, Ecusphere and Gradia composites.
Smaller particles will make greater contact with the FTIR diamond, which could explain the
higher glass peak observed in the Z250 spectra.

Upon light curing, the intensity of 1298 and 1320 cm™ peaks declined due to changes in
methacrylate C-O stretching; this was shown for all control and commercial dental
composites. In this thesis it was seen that the commercial composites Z250 and Gradia had a
lower degree of monomer conversion after 40 s curing, in as comparison to control
experimental formulations and Ecusphere dental composites. Commercial dental composites
based on Bis-GMA and Bis-EMA generally have a degree of conversion ~ 50 to 60 % (249).
The literature explains that the, Z250 resin matrix is a combination of Bis-GMA, Bis-EMA,
UDMA and TEGDMA monomers (249, 250). It was also previously found to have a degree
of conversion of 55 % (231), which is in good agreement with the thesis result. Low

conversion arises because Bis-GMA has a high glass transition. This is due to the presence of
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a rigid aromatic group that causes the material to solidify (and change from rubber to glass) at
low conversion (76).

Gradia had a particularly low apparent degree of conversion (~ 47 %) in this thesis. This
finding is consistent with values from other researchers, who found it to be ~ 49 % (251,
252). The exact composition of Gradia remains unknown, but from FTIR (Figure 3-6) it can
be seen that it contains UDMA but no Bis-GMA. Dental composites based on more flexible
monomers with lower glass transition temperature (Tg), such as UDMA, are expected to have
greater degree of conversion (253). The glass transition temperature for Bis-GMA (the main
monomer in Z250), UDMA (the main monomer in Gradia and Ecusphere) and TEGDMA are
-8, -35 and -83 respectively (254, 255). The maximum conversions of these monomers
without filler are 35, 72 and 83 % at room temperature (256). The low conversion of Gradia
is therefore inconsistent with monomer type, suggesting there is other reason for this issue
(257).

Ecusphere dental composite contains a mixture of Bis-GMA, UDMA and TEGDMA
monomers with ~ 77 wt % filler phase (171). The high degree of conversion (~ 68 %)
observed in this thesis could be a consequence of lower percentage of Bis-GMA compared
with Z250. Figure 6-4 displayed a small Bis-GMA peak at 1600 - 1616 cm™ confirming the
possibility of incorporating low concentration of Bis-GMA. No previous study could be
found which provides the degree of conversion of an Ecusphere composite. The conversion
observed in this thesis, however, is consistent with a previous study on degree of conversion
of similar composites (~ 65 %) from the same company (258).

The control experimental composite formulations containing HEMA or 4-META showed a
high degree of conversion (80 and 77 % respectively after 40 s light cure). This may be due
to the use of UDMA in addition to PPGDMA which are both flexible monomers. Increased

flexibility and reduced monomer viscosity will decrease the glass transition temperature (Tg)
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of the resin monomer and increase the mobility of reactive species respectively, thereby
enhancing the degree of conversion (214).

The slightly higher degree of conversion obtained with HEMA formulations may be due to a
decrease in monomer viscosity, increased flexibility of the polymer and enhanced wetting of

the fillers in the composites (259).

6.10.2. Depth of cure

In the present study, the control experimental formulations and commercial dental composites
fulfilled the ISO 4049 requirement of 1.5 mm minimum depth of cure. The average depth of
cure of commercial composites cured for 20 and 40 s observed in this thesis of 2.7 and 2.8
mm respectively is comparable with those previously observed for commercial composites
(249, 260). The lack of effect observed upon changing HEMA for 4-META is explained by
the adhesive monomers present at only low levels (5 wt % of the monomer). A possible
explanation for the slightly higher depth of cure for control experimental formulations
compared with commercial is the use of flexible UDMA and PPGDMA (253) which enhance
conversion and high sample translucency. High light transmission through the sample is
important for high conversion at greater depths.

A decrease in light transmission with depth can be caused by light scattering due to a
mismatch in refractive indices of the monomer and filler particles (261, 262). The literature
asserts that Z250 contains between 80 and 84 wt % zirconium / silicon based oxide filler
particles (249, 263-265). Gradia contains 78 wt % filler that is a mixture of fluoro-
aluminium-silicate glass and pre-polymerised filler (266). The refractive index of the filler
phase in commercial composites, such as those containing strontium, barium and zirconium is
about 1.55 which is similar to that for Bis-GMA 1.56 (267). That for aluminosilicate glass, as

in Gradia and the experimental materials is ~ 1.46 which matches better that of UDMA (1.48)
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and TEGDMA (1.46). As refractive index increases with polymerisation, however, the pre-
polymerised filler in Gradia may have contributed to a lack of translucency and increased
refractive index mismatch (227). As refractive index of propylene glycol is 1.43 the use of
PPGDMA may have helped in matching new composite refractive indices (268). The depth
of cure can also be reduced by light absorbance.

In this study different composite colour shades were used, which will have an effect on this
property. Usually a curing time of 20 to 30 s will ensure a curing depth of 2 to 2.5 mm with
shade (A) composites (269). However, by increasing the curing time to 40 s an adequate
conversion of composites of darker shade (B and C) in ensured (270). Light absorbance is
also however affected by concentration of photo-initiator (271). With higher concentrations
light will penetrate less, although this issue become less prominent with time due to photo-

initiator bleaching.

6.10.3. Mass and volume change

Dental composite restorations exhibit water sorption upon immersion in water. The water
sorption level is controlled by various factors including: the chemical composition of
monomers, their level of conversion and crosslinking, the filler phase composition and level,
and filler/ matrix bonding (157, 272). Dental composites containing more hydrophilic resin
monomer generally have more water sorption compared to composites containing
hydrophobic resin monomers. Dental composites with lower filler content and higher
monomer phase also generally exhibit higher water sorption (195). Furthermore, crosslinking
of the matrix can reduce water sorption. The rate of water sorption into the composite is also
dependent upon storage time and sample size.

Water sorption can lead to debonding between the filler and monomer, degradation of the

filler phase and expansion of the polymer phase (273). This will result in a decline in

119



mechanical properties (156, 274). Water sorption may also lead to release of uncured
monomer into the oral cavity, which could induce provoke cytotoxic effects. The effects of
water sorption, however, are not entirely negative. Expansion caused by water sorption can
help to overcome polymerization shrinkage (158).

The mass and volume of both control formulations and commercial composites increased
linearly with the square root of time in the initial 6 h, and after that the increase was
negligible (Figure 6-8 a and b). Of the commercial composites, Z250 had the highest
maximum mass and volume change (1.1 wt % and 1.5 vol % respectively) followed by
Gradia (1 wt % and 1.5 vol % respectively) and Ecusphere (0.96 wt % and 1.19 vol %
respectively). The control experimental formulations with HEMA had the highest mass and
volume change 1.3 wt % and 1.7 vol % respectively. The higher water sorption in this
experimental composite may be due to decreased PLR 3:1 and addition of hydrophilic
HEMA. The mass and volume change with 4-META was ~ 0.93 wt % and 1.2 vol %. This is
most likely because HEMA is more hydrophilic than 4-META (76).

Conventional dental composite water sorption occurs primarily in the monomer phase.
Difference in water sorption could be explained by the difference in matrix composition,
hydrophilicity level and crosslinking (72).

Water sorption is influenced by the composite’s affinity for water which in turn depends on
the quantities of hydrophilic monomer. The presence of TEGDMA as a diluent in commercial
composites may increase water sorption (275). Hydroxyl groups within the matrix, for
example in the Bis-GMA or HEMA and acidic group in 4-META, can also attract and form
hydrogen bonds with water (276). Furthermore, water sorption is often correlated to degree of
conversion of dental composites (153). Crosslinking associated with high monomer

conversion is expected to reduce water sorption. Previous research about water sorption
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found that composites based upon UDMA absorbed less water than those with Bis-GMA
(156).

If the water only expands the polymer phase then the percentage of volume change should be
comparable with the percentage of mass change multiplied by the sample density.
Alternatively, if the water occupies pores then the mass increases but the volume remains
unchanged. The ratio of maximum volume divided by mass change with control composites
was less than commercial composites. This could be due to the lower density in control
experimental formulation resulting from lower filler content. Additionally it could be the
result of hand mixing experimental composite formulations (monomer with filler phase) and
thereby creating pores within the sample. These air bubbles may fill with water, causing an

increase in mass but not volume.

6.10.4. Biaxial flexural strength and modulus

Current commercial composites typically have flexural strengths between 100 and 180 MPa
(277). Of the commercial dental materials in this thesis study, Z250 had the highest BFS (170
MPa), followed by Ecusphere (157 MPa) and Gradia (93 MPa). The higher strength for Z250
is in agreement with previous work (278-280). The filler phase of dental composites can have
a significant effect on the strength of dental composites. The higher levels of inorganic filler
and smaller filler particles size in Z250 contribute to the higher strength. Moreover, Z250
high strength could be the result of using a different filler, which in this case is a mixture of
zirconium and silicon oxides instead of barium aluminosilicate as in Ecusphere and Gradia.
(281).

The filler loading for Gradia is slightly lower than for Z250, while the biaxial flexural
strength of Gradia is significantly lower. The particularly low BFS of Gradia is in agreement

with previous work (280, 282). The lower strength of Gradia could be due to the addition of
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pre-polymerised fillers, which disturbs the stress transfer from resin monomer to filler
particles. The lower degree of conversion could have also contributed to the lower strength
for Gradia dental composite (87, 266).

All the commercial dental composites exhibited decline in BFS (10 to 17 MPa) upon
immersion in water for 24 h. This is presumably due to water sorption leading to polymer
plasticisation. The slowing of further decline in mechanical properties after samples were
stored for 7 days in water was presumably due to slowing of water sorption. The limited
further deterioration in strength between 7 and 28 days of water immersion is likely due to
water sorption reaching equilibrium. The present findings are consistent with previous studies
(198, 227, 283).

Of the commercial dental materials Z250 had the highest modulus (4.9 GPa) followed by
Ecusphere (4.7 GPa) and Gradia (3.3 GPa). These modulus values are comparable to that of
dentine (5 to 10 MPa) and in agreement with those reported in previous studies (258, 280).
All the commercial dental composites exhibited decline in modulus upon immersion in water
for 24 h, and further decline after samples were stored for 7 days, due to expected with
polymer plasticisation.

The BFS of control experimental formulations was comparable to that of Z250 and better
than Ecusphere and Gradia. The experimental composite containing 4-META had an initial
higher BFS (170 MPa) with a modulus of 5.4 GPa as compared with HEMA (163 MPa) and a
modulus of 4.7 GPa.

The high BFS of control formulations could be explained by higher degree of conversions.
Moreover, relatively low PLR (3:1) in the control experimental materials could improve
physical micromechanical interlocking between monomer and filler phase. This will lead to
materials with better strength due to improved filler impregnation (wetting) and reduce voids,

which may enhance crack initiation at the surface of the filler. Moreover, good bonding
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between the filler and matrix in control experimental formulations can increase mechanical
properties by stress transfer between monomer and filler (128).

As with the commercial materials, at 24 h and 7days water immersion, the strength
deteriorated. This could be due to water sorption leading to the plasticisation of the polymer
network and possibly degradation of the bond between monomer and filler. There was no
significant difference between the testing periods of 7 and 28 days possibly due to water
sorption levels reaching equilibrium. Control experimental formulations with 4-META had
the highest modulus (5.4 GPa), compared to HEMA (4.6 GPa) and commercial composites.
The modulus decreased upon immersion in water after 24 h. Further decline was observed
between 7 and 28 days. Decreasing the modulus enables increased resilience and energy

absorption of the composites.

6.10.5. Push out test

6.10.5.1. Dry un-etched ivory

Many factors may affect the bond strength of composites to dentine. These include dentine
composition, age, water content, tubule density and level of demineralisation by caries or acid
treatment, remineralisation and smear layer removal (284). Unfortunately, the small size,
limited availability, ethical issues and variability of human teeth are significant issues that
make testing of the large number of variables very challenging (285). Alternative studies
have used bovine dentine which partially addresses some of these problems, but again
variability can be a concern (243, 286).

The use of a single ivory tusk, however, can help overcome variability and availability. Ivory
dentine is similar to that of human dentine in that it contains collagen and hydroxyapatite in
addition to tubules. It should be appreciated, however that with ivory dentine the

hydroxyapatite content is only ~ 63 % compared with ~ 70 % in human dentine (287).
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Additionally, the density of the tubules is lower in the ivory dentine (39). Despite these
differences bond strengths of composites to moist ivory and human dentine have been
comparable for a wide range of composites, adhesives and dentine pre-treatments (39).
Therefore, in this thesis ivory dentine was used as a model substrate in push out and shears
bond strength tests.

The average push out stress of commercial composites without acid etching was only ~ 16
MPa, presumably due to a lack of chemical or micromechanical bonding to ivory dentine.
Commercial composites contain hydrophobic monomers and high levels of filler that reduce
wetting and thereby bonding of composites to dentine.

The control experimental formulation with 4-META had a higher push out stress (29 MPa) as
compared to control formulation with HEMA (19 MPa). 4-META has been reported to
enable excellent bond strength to many substrates including dentine (288). This is because 4-
META reacts with any surrounding water (e.g. from the atmosphere) to produce two
carboxylic acid groups. These can demineralize the dentine and provide some
micromechanical interlocking (247). 4-META also interacts electrostatically with the amino

acid groups in the collagen (289).

6.10.5.2. Dry etched ivory

Upon acid etching of the dry ivory dentine, the above study showed the push out stress
increased for the control and commercial composites. The results also showed that control
formulations with 4-META displayed better bonding to acid etched ivory dentine than the
HEMA control composite and commercial materials. This is due to the 37 % phosphoric acid
gel demineralising and dissolving the collagen and exposing the dentinal tubules, thus
allowing more penetration of composites into the demineralized dentine surface (46). Etching
human dentine with phosphoric acid for 20 s has been shown to demineralise from 2 to 55

pm depth in carious dentine, basically depending on the etching time and concentration of the
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acid. However, this depth could be doubled if the dentine has caries (290). Previous studies
showed that 20 s etched human and ivory dentine are both good models for caries dentine
(39). Acid-etching will also enable enhanced the surface area for greater interaction between

dentine and 4-META. It may also leave residual water for enhanced 4-META hydrolysis.

6.10.5.3. Wet ivory dentine

With controlled hydration of ivory samples the bonding stress of commercial composites
increased by 1.7 and 1.9 times with and without acid etching respectively. The reason for this
is currently unclear but may be a consequence of removal of surface debris and/or some
expansion of ivory structure due to water sorption. This result does show, however, how
crucial the condition of the dentine is in bond testing. During early studies for this thesis this
issue caused considerable complications making study reproducibility initially very hard.
This problem was alleviated by use of ivory with controlled hydration and dehydration.

Bond strength also increased by 2.2 and 1.9 times with control experimental formulations
with and without acid etching respectively. In this case the enhanced presence of water in wet
ivory dentine could increase the 4-META hydrolysis. This is known to provide two
carboxylic acid groups attached to the aromatic ring, resulting in a low pH (76). This enables
the demineralisation of the dentine to allow some micromechanical interlocking. In addition,
it is believed that 4-META might bond with basic amino acid groups in the collagen (ionic
bond), and may also interact with calcium in hydroxyapatite (291). Moreover, the
hydrophilicity of HEMA improves wetting properties of dental adhesives and the penetration

efficacy of the adhesive into water-containing demineralized tooth structure (107, 108).

6.10.5.4. Push out stress with self-adhesive Ibond

Using the self-adhesive Ibond significantly increased the push out stress for all control and

commercial composites, compared to etched and non-etched wet and dry ivory dentine
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(Figure 6-13). Ibond contains solvent and low viscosity hydrophilic monomers that help
adhesive infiltration into collagen and dentinal tubules. Furthermore, it contains 4-META
(292, 293) to aid bonding to dentine through the mechanisms discussed above (247).

Z250 had Gradia had the lowest bond strengths with Ibond. The control formulation with 4-
META had once again the highest push out stress (207 MPa), followed by Ecusphere and
control formulation with HEMA. Lowering the viscosity of controlled experimental
formulations by decreasing the PLR 3:1 would have enabled better penetration and bonding
than found in commercial composites. The higher polymerisation shrinkage of the
experimental formulations, however, clearly was insufficient to negate this benefit.
Furthermore, Ibond contains UDMA monomer (292, 293). It may therefore intermix better
with experimental formulations and Ecusphere, which contain the same base monomer than

with the Bis-GMA based Z250 or Gradia, where some of the monomer is pre-polymerised.

6.10.6. Shear bond strength

Although, there has been much criticism of the reproducibility of the shear bond test, it is still
commonly used for dentine adhesion studies (294). The shear strength is calculated by
dividing the maximum applied force by the bonded cross-sectional area (295, 296). This
measurement provides information about the adhesive behaviour of different types of
materials and can be considered as a screening test (239). The shear bond strength can,
however, depend on the dimensions of the samples tested along with the speed of stress
loading. This can make shear bond strengths resulting from different research groups difficult
to compare (297). Moreover, as shown in this thesis, the exact state of the dentine is also

crucial and must be carefully controlled.
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6.10.6.1. Shear bond test with wet ivory dentine

In this thesis study, the commercial dental composites demonstrated very low bond strength
to non-etched and etched ivory dentine, compared to control experimental formulations.
These results are similar to, but more pronounced, than those observed with the push out
results in this thesis. The particularly high bond strength with experimental materials could in
part be a consequence of their higher fluidity, which in turn results from their lower powder
content. In contrast to the push out test, this benefit would be counteracted less in the shear
bond test by the concomitant increase in shrinkage. These studies are supported by those of
Liagat et al, who reported that the shear bond strength achieved with Z250 and Gradia to both
ivory and human dentine was low compared to flowable composites (39). The reported bond
strength of 4 MPa, with etched ivory dentine and conventional composites was similar to this
study (39).

This thesis found that the control experimental formulation with 4-META significantly
increased the ivory dentine bond strength, compared to the control formulation with HEMA.
The hydrophilicity of HEMA was also shown to improve the bonding to dentine by
increasing the wetting and penetration into the dentine surface. This result was agreement
with a previous result (39). An increase in average bond strength upon acid etching was also

consistent with previous work (298).

6.10.6.2. Shear bond test with self-adhesive Ibond

Appling the self-adhesive Ibond significantly increased the shear bond strength for control
and commercial composites, as expected from the literatures (299). As discussed, Ibond
enables greater penetration of composites into dentinal tubules and enhances the mechanical
interlock between adhesive agent and dentine (291). In comparison with the push out test, the

benefit of 4-META, HEMA and enhanced fluidity arising from lower powder content was
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more pronounced with the shear bond method. As discussed above this could be a

consequence of the composite shrinkage being less important in the shear test.
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7. Experimental formulations with 4-META or HEMA, CHX,
glass fibre and different levels of CaP.

7.1. Introduction

In the following chapter, the results for experimental composite formulations containing
UDMA: PPGDMA: (4-META or HEMA): CQ: NTGGMA was 68:25:5:1:1 by weight as in
the previous chapter are discussed. The choice of TCP particle size and feasible range of CaP
were addressed in preliminary studies provided in appendix 1. Calcium phosphate (CaP,
MCPM: B-TCP at 1:1 weight ratio) (0, 10, 20 or 40 wt %), chlorhexidine diacetate (CHX 5
wt %) and glass fibre (5 wt %) were added in the filler phase. The powder to liquid ratio was
3:1 by weight.

A range of chemical and mechanical properties of experimental formulations were carried out
on 8 experimental formulations (4 CaP levels and 2 adhesive monomers). The properties
evaluated are the same as the ones used in the previous chapter in addition to the
chlorhexidine release as in the previous chapter. In all figures results the control formulations
from the previous chapter are provided to enable clear observation of any effect of adding

CHX and glass fibre.
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7.2. FTIR spectra for experimental formulations

An example FTIR spectra for experimental formulations containing adhesive monomer (4-
META or HEMA), 20 wt % CaP and 5 wt % CHX before and after curing for 40 s are shown
in Figure 7-1 (a & b). With all formulations the spectra have strong monomer peaks at 1716
cm™ (C=0 stretch). Peaks at 1638 cm™ and 1530 cm™ are due to C=C stretch and N-H
deformation. Further peaks are observed at 1458 cm™ due to the aliphatic C-H vibration,
1298 and 1320 cm™ associated with a C-O stretch and 1164 cm™ due to a C-O-C asymmetric
stretch. The spectra also exhibit P-O stretch peaks at 1048/940 cm™ due to B-TCP and
MCPM respectively. The chlorhexidine level is too low to detect. Upon polymerisation, there
was a decrease in the intensity of C=C peak (1638 cm™) and C-O peaks (1298 and 1320 cm’
). All these changes in the FTIR spectra are representative of methacrylate monomer

conversion.
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Figure 7-1: Representative FTIR spectra of experimental formulations containing adhesive
monomer a) 4-META and b) HEMA before and after curing for 40 s. The specific examples
have PLR 3:1, 20 wt % CaP and 5 wt % CHX and fibre.
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7.3. Degree of monomer conversion

7.3.1. Experimental formulations with 4-META

The degree of conversion for 4-META experimental formulations and different levels of CaP
after curing for 40 s is represented in Figure 7-2. From the figure below it can be seen that the
average conversion was 76 % for 4-META formulations. Furthermore, effect of CHX and

fibre addition was negligible and there was no systematic trend upon increasing CaP

concentration from 0 to 40 wt %.
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Figure 7-2: Degree of conversion for 4-META formulations with CaP (0, 10, 20 and 40 wt %), 5
wt % CHX and fibre, in addition of control formulation after curing for 40 s. The error bars
represent 95% C.I of the mean (n=5).
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The analysis of variance (ANOVA) concluded that there was sufficient evidence to reject the
null hypothesis that the mean conversion in the 4-META formulations with different levels of
CaP was the same (P < 0.001). The post-hoc Bonferroni multiple comparisons showed that
the only pairs of formulations with a significant difference were those with 0 and 10 wt %

CaP (P < 0.001).

7.3.2. Experimental formulations with HEMA
The average degree of conversion for HEMA formulations containing control CHX and fibre
and different CaP levels was comparable to that for 4-META formulations at 75 % (Figure 7-

3).
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Figure 7-3: Degree of conversion for HEMA formulations with CaP (0, 10, 20 and 40 wt %), 5
wt % CHX and fibre in addition of control formulation after curing for 40 s. The error bars
indicate 95 % C.I of the mean (n=5).
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Control formulation, 0 and 10 wt % CaP containing formulations had a higher conversion
than formulations with 20 and 40 wt % CaP. Overall, the effect of CaP was too small to fit a
trend line. The analysis of variance (ANOVA), however, confirmed that there was sufficient
evidence to reject the null hypothesis that the mean degree of conversion for the HEMA
formulations with different levels of CaP was the same (P < 0.0001). The post- hoc
Bonferroni multiple comparisons showed that the only formulations with no significant
differences were 0 and 10 wt % (P > 0.999) or 20 and 40 wt % CaP (P > 0.05). The average

result with 10 and 0 wt % CaP was 78 % and was 73% for 20 and 40 wt %.
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7.4. Polymerisation shrinkage

7.4.1. Experimental formulations with 4-META

As the shrinkage is directly proportional to the polymerisation level the same statistical
analysis applies for each set of data. Figure 7-4 shows that the mean calculated
polymerisation shrinkage for 4-META formulations and different levels of CaP (0, 10, 20 and
40 wt %) was 3.4 vol %. The shrinkage of experimental formulations was calculated to be
3.4, 3.6 and 3.5 vol % with an average conversion of 74, 78 and 76 % respectively. The
figure shows CHX and fibre addition has negligible effect as compared to control formulation

and no consistent trend for polymerisation shrinkage versus increasing CaP concentration.
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Figure 7-4: Polymerisation shrinkage for 4-META formulations with CaP (0, 10, 20 and 40 wt
%), 5 wt % CHX and fibre in addition of control formulation after curing for 40 s. The error
bars represent 95 % C.I of the mean (n=5).
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7.4.2. Experimental formulations with HEMA

As the shrinkage is directly proportional to the polymerisation level the same statistical
analysis applies for each set of data. The average polymerisation shrinkage for experimental
composite formulations containing HEMA and different CaP concentration is 3.6 vol % as
shown in Figure 7-5. CHX and fibre addition was again negligible. Experimental formulation
shrinkage was calculated to be 3.8 and 3.5 vol % with an average conversion of 78 and 73 %

observed with the lower and higher levels of CaP respectively.
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Figure 7-5: Polymerisation shrinkage for HEMA formulations with CaP (0, 10, 20 and 40 wt
%), 5wt % CHX and glass fibre in addition of control formulation after curing for 40 s. The
error bars represent 95 % C.I of the mean (n=5).
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7.5. Depth of cure

7.5.1. Experimental formulations with 4-META

The average I1SO depth of cure for 4-META formulations with different levels of CaP after
20 and 40 s light exposure is provided in Figure 7-6. It can be seen from the figure below that
all experimental formulations meet the ISO standard depth of cure of at least 1.5 mm at either
cure time. The depth of cure decreased linearly with increasing CaP. Moreover, the depth of
cure measurement was higher at 40 s as compared to 20 s cure. The two formulations with 0
wt % CaP and control had comparable average depth of cure of 2.8 mm. The experimental
formulations with 40 wt % CaP had lowest depth of cure of 2.1 + 0.02 and 1.9 + 0.01 mm after

curing for 40 and 20 s respectively.
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Figure 7-6: Depth of cure for 4-META formulations with CaP (0, 10, 20 and 40 wt %), 5wt %
CHX and fibre in addition of control formulation after curing for 20 and 40 s. The errors
indicate 95% C.I of the mean (n=3).
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Linear regression analysis of the depth of cure versus CaP was obtained using a Linest
analysis; it gave high R? values and errors on the gradient and intercepts of ~10 and < 1 %
respectively (see Table 7-1 below). On average the depth of cure increased by 11 %
(0.31/2.9) upon increasing cure time from 20 to 40 s.

Table 7-1 : Depth of cure for 4-META formulations with CaP (0, 10, 20 and 40 wt %) and CHX
after curing time of 20 and 40 s from the up surface. The lower section gives linear regression
analysis with gradient, intercept and R? values for average depth of cure versus Cap wt %.

CaP (wt %) Depth of cure (mm)
Curing for 20 s Curing for 40 s
0 2.65+0.02 2.95+0.02
10 2.44+0.01 2.73+0.01
20 2.26 +£0.05 2.55+0.02
40 1.91+0.01 2.14 £ 0.02

Curing for 20 s

Linear Regression of Cure depth versus CaP% (n=3)

Curing for 40 s

Gradient
(mm / wt %) -0.018 £ 0.001 -0.020 £ 0.002
Intercept (mm) 2.63+0.01 2.94 +0.01
R? 0.99 0.99

An analysis of variance (ANOVA) confirmed that there was sufficient evidence to reject the
null hypothesis that the mean depth of cure in 4-META formulations with different levels of
CaP after curing for 20 and 40 s were the same (P < 0.0001). Multiple post-hoc Bonferroni
comparisons showed that there were significant statistical differences between 4-META
formulations with all different levels of CaP (P < 0.05). The depth of cure was also increased

significantly by increasing the time of exposure from 20 to 40 s (P < 0.0001).
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7.5.2. Experimental formulations with HEMA

Figure 7-7 shows that average depth of cure for HEMA formulations with different levels of
CaP (0, 10, 20 and 40 wt %) after 20 and 40 s light exposure. It can be seen that all
experimental HEMA containing formulations also meet the 1SO standard requirement of a
depth of cure of at least 1.5 mm. Addition of CHX and fibre caused a minor decrease in depth
of cure as compared to control formulation. Increasing CaP from low to high caused a linear
decline in the depth of cure. Furthermore, the depth of cure also increased with 40 s as
compared to 20 s cure. The formulation with 0 wt % had 2.7 and 2.4 mm cure depth after

curing for 40 and 20 s. respectively. With 40 wt % CaP these declined to 2.1 and 1.9 mm.
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Figure 7-7: Depth of cure for HEMA formulations with CaP (0, 10, 20 and 40 % wt) and CHX
and fibre at 5 wt % and control formulation after cured for 20 or 40 s. The error bars indicate
95% C.I of the mean (n=3).
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Linest analysis is provided in Table 7-2 below. Data from this table shows that high R? values
and small errors on the gradient and intercepts of depth of cure versus CaP concentration.
Moreover, the depth of cure was increased by 7 % with increasing time of exposure from 20
to 40 s irrespective of the CaP concentrations.

Table 7-2 : Depth of cure for HEMA formulations with CaP (0, 10, 20 and 40 wt %) and CHX
after curing time of 20 and 40 s from the up surface. The lower section gives linear regression
analysis with gradient, intercept and R? values for average depth of cure versus CaP wt %.

CaP (wt %) Depth of cure (mm)
Curing for 20 s Curing for 40 s
0 2.40 +£0.02 2.67 £0.03
10 2.31+0.00 2.57 £0.00
20 2.12 £ 0.04 2.38+0.01
40 1.89 £ 0.07 2.12 £0.03

Linear Regression of Cure depth versus CaP% (n=3)

Curing for 20 s Curing for 40 s
Gradient -0.013+ 0.001 -0.015 £ 0.004
(mm/ wt %)
Intercept (mm) 241 +0.01 2.68 + 0.02
R? 0.99 0.99

An analysis of variance (ANOVA) confirmed that there was sufficient evidence to reject the
null hypothesis that the mean depth of cure in HEMA formulations with different levels of
CaP after curing for 20 and 40 s were the same (P < 0.001). Multiple post- hoc comparisons

confirmed significant effects of CaP and time (P < 0.05).
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7.6. Mass and volume change

7.6.1. Experimental formulations 4-META

The average mass and volume change for all 4-META formulations over a period of 5
months versus the square root (SQRT) of time are shown in Figure 7-8 (a & b). Initially,
these plots increased linearly for a time period of up to 6 h with 0 and 10 wt % CaP or 24 h
with 20 and 40 wt % CaP (R® > 0.98). Gradients are provided in Table 7.3. These ranged
from 0.003 to 0.6 wt % hr®° for mass changes and from 0.09 to 1.69 vol % hr®® for volume
changes.

All formulations had reached a maximum stable change by the time one month. The
formulation with 40 wt % CaP had the highest final mass and volume change of 3.8 wt % and
5 vol % increase respectively followed by formulations with 20, 10 and then 0 wt % CaP.
The formulation with 0 wt % CaP, CHX and fibres had mass and volume change of 1.2 wt %
and 1.5 vol % respectively. This was only slightly higher than observed for the control
without CHX and fibres.

Table 7-3 provides a linear regression of the initial gradients and maximum changes in mass
and volume change for 4-META formulations. Both increased linearly with CaP level (see
Linest analysis in Table 7-3). The early volume change was ~1.5 times (0.0048/0.0032)
higher than that for mass, irrespective of CaP content. The maximum volume change was ~
1.3 times higher than mass regardless of CaP content. The early change divided by final

values was given by equation below:

0.5

AM 0.0032 [t _

AM::OO ~ o0 (E) Equation 7-1
0.5

AV, 0.0048 [t _

AV::OO ~ Toos (E) Equation 7-2
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Figure 7-8 (a) and (b): Mass and volume change in deionised water for 4-META formulations
with different CaP level (0, 10, 20, and 40 % wt), 5 wt % CHX and control experimental
formulation. Error bars give 95 % C.I of the mean (n=3).
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Table 7-3: Initial gradient of mass and volume change vs SQRT time and maximum mass &
volume increase and linear regression analysis of the results versus CaP wt % for 4-META
formulations with CaP (0, 10, 20 and 40 wt %) and CHX.

Initial gradient of Max. mass Initial gradient of Max. volume
CaP (wt %) mass vs SQRT increase volume vs SQRT increase
time (Wt % / hr®®) (Wt %) time (vol %/ hr®®) (vol %)
0 0.070+0.01 1.30 £ 0.08 0.08 £0.05 1.55+0.03
10 0.09+£0.01 2.20 £ 0.08 0.157 £ 0.002 2.65+0.11
20 0.11+£0.03 2.61+0.08 0.15+ 0.03 3.44+ 0.05
40 0.20+£0.03 3.79+0.14 0.28 £0.03 491+0.10

Linear Regression of mass and volume change versus CaP % (n=3)

Gradient of column
vs CaP (column unit/ 0.0032 £ 0.0005 0.060 + 0.005 0.0048 + 0.0005 0.082 + 0.006
wt % CaP)

Intercept (wt %) 0.063+ .0107 142 +0.12 0.09 £0.01 1.69+0.13

R’ 0.96 0.98 0.98 0.99

The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the mean 24 h and maximum mass and volume change in experimental
composites with 4-META and different CaP levels was the same (P < 0.001). Post-hoc
multiple comparisons for 24 h mass and volume change showed that there were significant
statistical difference between formulations with 40 and 0 wt % CaP and between 40 and 10
wt % CaP (P < 0.05). The maximum mass and volume change results showed that there were
significant statistical differences between formulations with 0 and 20 wt % CaP and between

0 and 40 wt % CaP as well as between 10 and 40 wt % CaP (P < 0.05).
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7.6.2. Experimental formulations with HEMA

The average mass and volume change for all HEMA formulations over a period of 5 months
versus the square root (SQRT) of time are plotted in Figure 7-9 (a & b). Initially, these plots
increased linearly up to 6 h with 0 and 10 wt % CaP or 24 h with 20 and 40 wt % CaP (R? >
0.99). Gradients are provided in Table 7.3. These ranged from 0.006 to 0.11 wt % hr®° for
mass changes and from 0.0089 to 1.45 vol % hr”®* for volume changes.

All HEMA formulations had reached a maximum stable change by one month. The
formulation with 40 wt % CaP underwent the greatest mass and volume change of 5.5 wt %
and 7.3 vol % increase respectively followed by formulations with 20, 10 and 0 wt % CaP.
The control and 0 wt % formulations had the lowest mass and volume change of 1.1 wt %
and 1.5 vol % respectively.

Linear regression of the initial gradients and maximum increase in mass and volume for
HEMA formulations are provided in Table 7-4. The initial and maximum mass and volume
changes increased linearly with increased CaP levels. The early (24 h) volume change was ~
1.5 times (0.0089/0.006) higher than that for mass, irrespective of CaP levels. Mass and
volume change increased linearly with increasing CaP level, giving high R? values and small
errors on the gradients and intercepts upon linear regression analysis (see Linest analysis in
Table 7-4). The maximum volume change was 1.3 times higher than mass regardless of CaP

content. The early change divided by final values was given by the equations below:

05
AM, 0.006 [t .
MMy 011 (E) Equation 7-3
0.5
AV, 0.009 [t ]
Ve 015 (H) Equation 7-4
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Figure 7-9: (a) and (b): Mass and volume change in deionised water for HEMA formulations
with 5wt % CHX and fibre, CaP (0, 10, 20, and 40 wt %) in addition of control experimental
formulation. Error bars indicate 95 % C.I of the mean (n=3).
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Table 7-4 : Initial gradient mass and volume change vs SQRT time and maximum mass and
volume increase and linear regression analysis of the results versus CaP wt % for HEMA
formulations with CaP (0, 10, 20 and 40 wt %) and CHX.

Initial mass Max. mass Initial volume Max. volume
CaP (wt %) gradient vs SQRT increase gradient vs SQRT increase
time(wt%/ hr®®) (Wt %) time(vol %/ hr®°) (vol %)
0 0.069 £ 0.005 1.184 + 0.068 0.088 + 0.016 1.51 +0.09
10 0.079 + 0.012 2.12 +0.07 0.120+ 0.021 2.53 +0.13
20 0.153 £ 0.077 3.26 + 0.07 0.227 + 0.043 3.87£0.25
40 0.295 + 0.056 5.46 +0.12 0.429 + 0.045 7.25+0.51

Linear Regression of mass and volume change versus CaP % (n=3)

Gradient of
column vs CaP 0.006 = 0.001 0.107 + 0.002 0.0089 + 0.0010 0.145 + 0.011
(column unit / wt
% CaP
Intercept 0.045+ 0.021 1.118 +£ 0.057 0.06 £ 0.02 1.24 +0.25
R? 0.95 0.99 0.97 0.98

The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the mean initial (24 h) and maximum mass and volume change in
experimental composites with HEMA and CaP was the same (P < 0.0001). Post-hoc
Bonferroni multiple comparisons showed, that for the initial mass and volume change up to
24 h, there was significant statistical difference between formulations with 0 and 40 wt %
CaP and between 10 and 40 wt % CaP as well as between 40 and 20 wt % CaP (P < 0.001)
but not 0 and 10 wt % CaP (P >0.05). The maximum mass and volume change results show
that there were significant statistical differences between formulations at all CaP levels (P= <

0.0001).
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7.7. Chlorhexidine release

7.7.1. Experimental formulations with 4-META

The average chlorhexidine (CHX) release for 4-META formulations with 0, 10, 20, 40 wt %
CaP, and 5 wt % CHX over a period of 16 weeks immersion in deionised water versus the
square root (SQRT) of time are shown in Figure 7-10. Initially, these plots increased linearly
for all formulations. Experimental formulations with 0 and 10 wt % CaP approached their
maximum release after 3 and 6 weeks respectively. Those formulations with 20 and 40 wt %
CaP continued to release CHX for up to 11 and 15 weeks respectively. The formulation with
40 wt % CaP exhibited highest maximum CHX release of 11 % + 0.69. Formulations with 20
and 10 wt % CaP had a maximum release of 5 % + 0.18 and 2.5 % + 0.69 % respectively.

The formulation with 0 wt % CaP had the lowest maximum CHX release of 1.1 % + 0.11.
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Figure 7-10: Chlorhexidine release into deionised water as a function of square root (SQRT) of
time for 4-META formulations with CaP (0, 10, 20 and 40 wt %) and 5 wt % CHX. The error
bars indicate 95% C.I of the mean (n=3).
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Table 7-5 provides linear regression of the initial gradients and total CHX release for 4-
META formulations versus CaP level. The high R® values and relatively small errors on
gradients and intercepts obtained by linear regression shows that a linear equation describes
the data well (see Linest analysis in Table 7-5).

Table 7-5: Initial gradient of CHX release versus SQRT time and total CHX release for 4-
META formulations with different level of CaP (0, 10, 20 and 40 wt %) and 5 wt % CHX with
linear regression results versus Ca P wt %.

CaP (wt %) Initial gradient of CHX release Total CHX release (wt %)
vs SQRT time (wt%/hr")
0 0.10+£0.01 1.06 +0.11
10 0.19£0.01 2.46 +0.17
20 0.237 £ 0.004 490 £0.18
40 0.33+0.02 11.5+0.69

Linear Regression of chlorhexidine release versus CaP% (n=3)

Gradient of column 0.0054 + 0.0006 0.27 £0.03
vs CaP (column
unit / wt % CaP)

Intercept 0.120 + 0.014 0.30 £ 0.07

R? 0.97 0.97

The ANOVA showed that there was sufficient evidence to reject the null hypothesis that the
mean of early and maximum CHX release in 4-META composites with different levels of
CaP was the same (P < 0.0001). Post- hoc Bonferroni multiple comparisons for initial CHX
release up to 24 h showed that there was significant statistical difference between 4-META
formulations and all different levels of CaP (P < 0.05), except formulations with CaP levels
of 0 and 10 wt % (P = 0.249). For the maximum CHX release, the post-hoc multiple
comparisons result revealed that there were significant statistical differences between all

different CaP levels (P = < 0.001).
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7.7.2. Experimental formulations with HEMA

Figure 7-11 provides the average CHX release from HEMA formulations with CaP (0, 10, 20
and 40 wt %) and 5 wt % CHX immersed in deionised water over a period of 16 weeks
plotted versus the SQRT of time. Initially, these plots increased linearly with the SQRT of
time and formulations with 0 and 10 wt % CaP approached their maximum release after 3 and
7 weeks. Those with 20 and 40 wt % CaP continued to release for 13 and 16 weeks
respectively. Formulation with 40 wt % CaP showed highest CHX release of 17 % + 0.3
followed by formulations with 20 and 10 wt % CaP with 6 % = 0.13 and 2.6 % + 0.03
respectively. The formulation with 0 wt % CaP had the lowest maximum CHX release of

only 1.5 % £ 0.03.
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Figure 7-11: Chlorhexidine release into deionised waster as a function of square root (SQRT) of
time for HEMA formulations with CaP (0, 10, 20 and 40 wt %) and 5 wt % CHX. Error bars
indicate 95% C.I of the mean (n=3).
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Table 7-6 presents the initial gradients and maximum CHX release. High R? values, small
errors on gradients and intercepts are observed. In the early CHX release obtained by linear
regression shows that these gradients increase linearly with CaP level. The low R? values
0.94 and large standard error on intercepts on maximum release obtained by linear regression
shows less effect of CaP level on final CHX release for HEMA formulations (see Linest
analysis in Table 7-6).

Table 7-6: Initial gradient of CHX release and total CHX release versus SQRT time for HEMA

formulations with CaP (0, 10, 20 and 40 wt %) and 5 wt % CHX with linear regression analysis
versus CaP wt%o.

CaP (wt %) Initial gradient of CHX release, Total CHX release
vs SQRT time (Wt%/hr’°) (Wt %)
0 0.24 £0.01 1.50 £ 0.03
10 0.310 = 0.003 2.58 £0.03
20 0.36 £ 0.03 6.03+0.13
40 0.48 +0.02 17.15+0.30

Linear Regression of Chlorhexidine release versus CaP% (n=3)
Gradient of column 0.0059 +0.0001 0.41£0.07
vs CaP (column
unit / wt % CaP)
Intercept 0.25+0.033 -0.29 £ 1.67

R? 0.99 0.94

The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the initial and maximum CHX release in HEMA composites with CaP
was the same (P < 0.0001). Post-hoc Bonferroni multiple comparisons for initial CHX release
up to 24 h showed that there was significant statistical difference between formulation with

40 and 0 wt % CaP, and 40 and 10 wt % CaP, as well as 40 and 20 wt % CaP (P < 0.001).
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There were no significant difference between formulation with 0 and 10 wt % CaP, and 0 and
20 wt % CaP (P> 0.05), as well as between 10 and 20 wt % CaP (P > 0.999). For maximum
CHX release, the post- hoc multiple comparisons result showed that there were significant

statistical differences between HEMA formulations for all CaP levels (P < 0.0001).
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7.8. Biaxial flexural strength and modulus

7.8.1. BFS for experimental formulation with 4-META
The average biaxial flexural strength (BFS) for 4-META formulations with CaP (0, 10, 20,
40 wt %), 5 wt % CHX and fibre dry and hydrated (24 h, 7 and 28 days immersion in

deionised water) are given in Figure 7-12.
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Figure 7-12: Biaxial flexural strength for 4-META formulations with added CHX, Fibres (5 wt
%) in addition to CaP (0, 10, 20 and 40 wt %) and control experimental formulation. The error
bars give 95% C.I of the mean (n=6).

The addition of the CHX and fibre to the control formulation caused a particularly large
decline in strength at 28 days. With CHX and fibre containing formulations, initial dry

strengths decreased from 153 £ 9, 139 £ 6, 120 £ 9 and 103 £ 6 MPa with, 0, 10, 20, and 40
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wt% CaP levels respectively. Upon immersion in water for 24 h, all experimental
formulations exhibited decrease in strength and further decline in strength was also seen after
7 and 28 days in water. Experimental formulations with 40 wt % CaP had the lowest BFS at
all-time points.

Table 7-7 shows the linear regression of BFS of the experimental composites versus CaP
levels at each time point. This Table showed that the BFS decreased linearly with increased
CaP concentration at all times. The high R? values and small standard error on the gradient
and intercept obtained by Linest analysis confirmed that increasing CaP levels from 0 to 40
wt % decreased BFS at all-time points(see linest analysis in table 7-7).

Table 7-7: Biaxial flexural strength for 4-META formulations with CaP (0, 10, 20 and 40 wt %)

before and after 24 h, 7 and 28 days immersion in deionised water. Additionally gradient,
intercept and R?from linear regression analysis versus CaP level is provided in lower section.

BFS (MPa)
CaP (wt %)
Dry 24 h 7 days 28 days
0 153+ 9 131 +4 108 + 4 83+3
10 139+ 6 119+6 94 +3 805
20 119+9 104 £ 4 82+4 68 £3
40 103+ 6 85+5 633 5314

Linear Regression of BFS versus CaP% (n=6)

Gradient -1.26 £ 0.15 -1.13£0.09 -1.11 £ 0.05 -0.78 £ 0.08
(MPa/ CaP wt %)
Intercept (MPa) 151+4 130 £2 106 £1 85+2
R’ 0.97 0.99 0.99 0.98
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The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the variance between the 4-META experimental formulations and CaP
levels and time were equal (P < 0.001) at each time point. The post-hoc multiple comparisons
for dry samples showed that there were no significant statistical differences found between
formulations with 10 and 20 wt % CaP and 10 and 40 wt % (P > 0.05), as well as between 20
and 40 wt % Cap (P > 0.999). Upon immersion in water for 24 h and 7 days there were
significant statistical differences between formulations with all different levels of CaP (P <
0.0001). However, for samples immersed for 28 days, there were no significant statistical
differences found between formulations with 0 and 10 wt % CaP (P = 0.590) and those with

20 and 40 wt % CaP (P > 0.999).

7.8.1.1. Young’s modulus for experimental formulations with 4-META

The average Young’s modulus for 4-META formulations with different levels of CaP, CHX
and fibre dry and hydrated (24 h, 7 day and 28 days immersion in deionised water) are shown
in Figure 7-13. Adding CHX and fibre to the control formulation decreased the modulus
particularly at later times. With CHX and fibre present the average dry Young’s modulus for
experimental formulations with 0 wt % CaP had the highest modulus of 5.2 + 0.15 GPa
followed by 10 and 20 wt % CaP with 4.6 0.25 and 4.2 + 0.31 GPa respectively. The
formulation with 40 wt % CaP level had the lowest modulus (4 + 0.31 GPa). Upon immersion
in water for 24 h, all experimental formulations exhibited a decrease in modulus and further
decline was also shown after 7 and 28 days in water. Formulations with 40 wt % CaP had the

lowest modulus at all times.
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Figure 7-13: Young’s modulus for 4-META experimental composites with added CHX, Fibres
(5 wt %) in addition to CaP (0, 10, 20 and 40 wt %) and control formulation. The error bars
indicate 95% C.I of the mean (n=6).

The gradient and intercept of Young’s modulus of the experimental formulations versus CaP
levels and are provided in Table 7-8. Linear regression for this Table showed that the
Young’s modulus decreased linearly with increased CaP levels from 0 to 40 wt % at all
times. The high R? values and small standard error on the gradient and intercept obtained by
the Linest analysis confirmed that linear equations described the data well (see linest analysis

in table 7-8 below).
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Table 7-8: Young’s modulus and gradient, intercept and R? from linear regression analysis
versus CaP for experimental formulations with 4-META and CaP (0, 10, 20 and 40 wt %)

before and after 24 h, 7 and 28 days immersion in deionised water.

CaP (Wt %)

Young’s modulus (GPa)

Dry 24 h 1 day 28 day
0 5.23+0.15 3.85+0.2 3.19 £0.13 2.85 +0.15
10 457 +0.25 3.70£0.31 2.7+0.22 242 +0.14
20 4.21+0.31 3.20+£0.16 2.31+0.13 1.98£0.13
40 3.98+0.31 2.41£0.17 1.73+0.11 1.50+0.12
Linear Regression of Young’s modulus versus CaP% (n=6)
Gradient -0.029 £ 0.008 -0.037 £0.004  -0.036 + 0.003 -0.031 £ 0.004
(GPa/wt%o)
Intercept (GPa) 5.0+£0.2 3.9 £0.09 3.1 £0.07 2.7 £0.1
R? 0.84 0.98 0.98 0.97

An analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis stating that the variance between the 4-META experimental formulations and
CaP levels were equal (P < 0.001) at all times. The post-hoc multiple comparisons for dry
and 24 h in water showed that there were significant statistical differences with time and
formulations with different levels of CaP (P < 0.05) except between dry formulations with 20
and 40 wt % CaP (P = 0.361) and between 0 and 10 wt % CaP (P > 0.999) for 24 h samples.
All other samples immersed for 7 and 28 days in water showed significant statistical

differences between time and levels of CaP (P < 0.001).
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7.8.2. BFS for experimental formulations with HEMA

The average BFS for all HEMA formulations dry and hydrated (24 h, 7 day and 28 days
immersion in deionised water) are provided in Figure 7-14. The results reveal again that
addition of CHX and fibre to the control formulation decreases strength. With CHX and fibre
added the dry strength decreased from 126 + 7, 119 + 4, 116 + 7 and 106 + 4 MPa with 0, 10,
20 and 40 wt % CaP respectively. Upon immersion in water for 24 h, all experimental
formulations exhibited decrease in strength with a further drop seen after 7 days in water. All
the formulations showed minor decline after this time point. Formulations with 40 wt % CaP

had the lowest BFS at all-time points.

u Dry 24 h 7 day %28 day
200 -

180 -
160
140
120

100

Biaxial flexural strength

80

60

40

20

Control 0
CaP (wt %)

Figure 7-14: Biaxial flexural strength of HEMA experimental composites with added CaP (0, 10,
20 and 40 wt %) in addition to CHX, Fibres (5 wt %) and control formulation. The errors bars
give 95% C.I of the mean (n=6).
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Table 7-9 provides the gradient of BFS for HEMA formulations versus CaP levels at each
time point. This table showed that the BFS decreased linearly with increased CaP levels at
each time point. The high R® values and small standard error on the gradient and intercept
obtained by the Linest analysis confirmed there was significant effect when increasing CaP
levels from low to high levels (see linest analysis in table 7-9).

Table 7-9: Biaxial flexural strength of HEMA formulations with CaP (0, 10, 20 and 40 wt %)
before and after 24 h, 7 and 28 days immersion in water and linear regression analysis with
gradient, intercept and R? values from average BFS versus CaP.

CaP (wt %) BFS (MPa)
Dry 24 h 7 day 28 day
0 126 £7 122+ 8 100+ 6 97+6
10 119+ 4 110£5 87+6 83+6
20 117 +7 93+6 68 + 6 62+2
40 106 £4 773 50+ 2 47+ 2

Linear Regression of BFS versus CaP % (n=6)

Gradient -0.46 £ 0.04 -1.11+£0.12 -1.26 £ 0.13 -1.27£0.19
(Mpa/ wt %)
Intercept (MPa) 125+ 1.07 120+ 3 98+3 94 +5
R’ 0.98 0.98 0.98 0.95

Analysis of variance (ANOVA) concluded that there was sufficient evidence to accept the
null hypothesis that the variance between HEMA experimental formulations and CaP levels
were equal (P < 0.0001) at each time point. The post-hoc multiple comparisons for dry
samples showed that there were no significant statistical differences between formulations
with 0 and 10 wt % CaP, and between 0 and 20 wt % CaP (P > 0.05), as well as between 10

and 20 wt % CaP (P > 0999). At 24 h there were significant differences between
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experimental formulations with all different levels of CaP (P < 0.01), except between
formulations with 0 and 10 wt % CaP (P = 0.110). However, there were significant statistical
differences between formulations and all different levels of CaP (P < 0.001) for samples

immersed for 7 and 28 days.

7.8.2.1. Young’s modulus for HEMA formulations

Figure 7-15 shows the average Young’s modulus for HEMA formulations dry and hydrated
(24 h, 7 and 28 days immersion in deionised water). In this case, effects of addition of CHX

and fibre to the control were small.
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Figure 7-15 : Young’s modulus of experimental composites containing HEMA with added CHX,
Fibres (5 wt %) in addition to CaP (0, 10, 20 and 40 wt %) and control formulation. Error bars
indicate 95% C.I of the mean (n=6).
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It can be seen that the initial dry Young’s modulus decreased from 4.2 £ 0.25, 4 + 0.25, and
3.9 £ 0.31 to 3.6 + 0.34 GPa with, 0, 10, 20, and 40 wt % CaP formulations respectively.
Upon immersion in water for 24 h, all experimental formulations showed a decrease in
modulus; further decline was also shown after 7 and 28 Days in water. Experimental
formulations with 40 wt % CaP had the lowest modulus in all time point.

Table 7-10 provides the linear regression of modulus for HEMA formulations versus CaP
concentration at each time point. This table showed that the Young’s modulus decreased
linearly with increased CaP levels. The high R? values, small standard error on the gradient
and intercept obtained by a Linest analysis confirmed that Young’s modulus decrease linearly
with CaP concentrations during early times. At later times, R® values decreased and errors on
gradients and intercepts increased, indicating slightly poorer fit of linear equations (see linest
analysis in table 7-10).

Table 7-10: Young’s modulus, gradient, intercept and R?from linear regression of formulations

with HEMA and CaP (0, 10, 20 and 40 wt %) before and after 24 h, 7 and 28 day immersed in
deionised water.

CaP (wt %) Young’s modulus (GPa)

Dry 24 h 7 day 28 day
0 417 +£0.25 3.62+0.19 2.94+0.19 2.82+0.14
10 4.01+0.25 3.16+0.35 258+0.14 2.41 +£0.09
20 3.89+£0.32 2.98+0.25 2.1+ 0.24 1.83+£0.09
40 3.64+0.34 2.10+£0.12 1.7+0.2 1.52 £ 0.06
Linear Regression of modulus versus CaP % (n=6)
Gradient -0.013 £ 0.001 -0.037 £ 0.003 -0.03+£0.01 -0.032 + 0.007
(GPa/wt %)
Intercept (GPa) 4.15+0.01 3.61 +0.07 2.85 £0.11 2.70 £0.16
R’ 0.99 0.98 0.94 0.91
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An analysis of dependent variables (ANOVA) for the dry samples showed that there was
sufficient evidence to accept the null hypothesis that the variance was (P = 0.049). However,
analysis of variance (ANOVA) for the remaining samples immersed in 24 h, 7 and 28 days
showed that there was sufficient evidence to reject the null hypothesis that the variance
between the HEMA formulations and CaP levels were equal (P < 0.001).

The post-hoc multiple comparisons for dry samples showed that there were no significant
statistical differences between dry sample formulations and all different levels of CaP (P >
0.05). Upon immersion in water for 24 h, the results showed that there were significant
statistical differences between formulations and all different levels of CaP (P < 0.001) except
between 10 and 20 wt % CaP (P = 0.923).

Moreover, for samples immersed for 7days, there were no significant statistical differences
found between formulations with 0 and 10 wt % CaP (P = 0.511) and 20 and 40 wt % CaP (P
= 0.068). Finally, samples immersed in water for 28 day showed significant statistical

differences between formulations and all different CaP levels (P < 0.001).
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7.9. Push out adhesion test
7.9.1. Experimental formulations with 4-META

7.9.1.1. Bonding to dry ivory dentine

The average push out stress for 4-META formulations with CaP (0, 10, 20 and 40 wt %),
CHX and fibre formulations and dry ivory dentine are shown in Figure 7-16. The push out
stress was on average 64 % higher after acid etching of dry ivory dentine than with non-

etched dentine.
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Figure 7-16 : Push out stress for dry ivory dentine with 4-META formulations with added CHX
and fibre at 5 wt %, Cap (0, 10, 20 and 40 wt %) in addition of control formulation. Dentine
etching with phosphoric acid was for 20s or no-etching. The error bars represent 95 % C.1 of

the mean. (n=6).
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The effects of CaP increase was much greater than that observed with CHX and fibre
addition to the control formulation. The formulation with 40 wt % CaP had the highest push
out stress with and without acid etching, of 129 £ 5 and 61 + 3 MPa respectively. The
formulation with 0 wt % CaP showed the lowest debonding stress regardless of acid etching
of 30 + 4 and 25+ 3 MPa respectively, followed by formulations with 10 and 20 wt % CaP.
The debonding stress decreased linearly with increasing CaP levels with and without acid
etching of dentine.

Table 7-11 shows the linear regression gradient of debonding stress for 4-META
formulations versus CaP level. The high R? values with the small standard error on the
gradient and intercept confirms a linear equation describes the data well. The gradient after
etching was 3 times that with no etching whilst intercepts were not very different (see table 7-
11 below).

Table 7-11: Push out stress for dry ivory dentine, using etching with phosphoric acid for 20s or

non-etchingfor 4-META formulations with Cap (0, 10, 20 and 40 wt %). Additionally, gradient,
intercept and R? from linear regression analysis values CaP level is provided.

CaP (wt %) Push out stress (MPa)
Etching No-etching
40 1295 61+3
20 73+3 39 £5
10 47+ 6 32+6
0 304 25+3

Linear Regression of push out stress versus CaP % (n=6)

Gradient 25%0.2 09+0.1
(MPa/wt %)
Intercept (MPa) 26+ 4 23+2
R? 0.98 0.98
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The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the variance between 4-META formulations, different levels of CaP and
etching and non-etching were equal (P < 0.001). With acid etching, post-hoc Bonferroni
multiple comparisons showed that there were significant statistical differences between
formulations and all different levels of CaP (P < 0.001). With no acid etching, there were no
significant statistical differences between formulations with 10 and 0 wt % Cap (P = 0.420)

and between 10 and 20 wt % CaP (P = 0.490).

7.9.1.2. Bonding to controlled hydration ivory dentine

The debonding stress for all 4-META formulations and ivory with controlled hydration is
shown in Figure 7-17. It can be seen that the push out stress was on average 52 % higher after
acid etching of wet ivory dentine. Again the effect of CaP increase was much greater than
that observed with CHX and fibre addition to the control formulation. The formulation with
40 wt % CaP had the highest push out stress with and without acid etching of 221+ 8 and 145
+ 5 MPa respectively. Decreasing the CaP levels from 40 to 0 wt % decreased debonding
stress linearly, with and without acid etching. The formulation with 0 wt % CaP had the
lowest debonding stress regardless of acid etched, followed by formulations with 10 and 20

wt % CaP.
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Figure 7-17: Push out stress for wet ivory dentine (control hydration) sample with 4-META
formulation with added CHX and fibre at 5 wt % and Cap (0, 10, 20 and 40 wt %), in addition
of control formulation. Dentine was etching with phosphoric acid for 20s or no-etching. The
errors bars indicate 95% C.I of the mean (n=6).

The linear regression gradient of debonding stress of 4-META formulations versus CaP
levels are provided in Table 7-12. This table showed that, on average, increasing CaP levels
from 0 to 40 % caused a linear increase in debonding stress. The high R? and small standard
errors confirm that a linear expression was suitable for described well how debonding stress
varied with CaP percentage both with and without acid etching of the dentine. The gradient

after acid etching was double that with no acid etching whilst the intercept was 22 % higher.
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Table 7-12: Push out stress for wet ivory (control hydration) gradient, intercept and R? from
linear regression for 4-META formulations with and Cap (0, 10, 20 and 40 wt %) and etching
with phosphoric acid for 20s or no-etching.

CaP (wt %) Push out stress (MPa)
Etching No-etching
40 221+8 145+5
20 165+ 6 116 £ 5
10 1397 101 +4
0 114+ 6 89+9

Linear Regression of Cure depth versus CaP% (n=6)

Gradient 2901 1.41+0.03
(MPa/wt %)
Intercept (MPa) 1128+ 1.4 88+1
R’ 0.99 0.99

An analysis of variance (ANOVA) provided sufficient evidence to reject the null hypothesis
that the variance between formulations, CaP levels and etching and non-etching were equal
(P < 0.001). With acid etching the post-hoc multiple comparisons result showed that there
were significant statistical differences between formulations and different CaP levels (P <
0.0001). With no acid etching there were no significant statistical differences, it was only

observed between formulations with 10 and 0 wt % CaP (P = 0.68).
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7.9.1.3. 4-META formulations with self-adhesive Ibond

The push out stress for all 4-META formulations and applying self-adhesive agent (Ibond) to
wet ivory dentine surface is given in Figure 7-18. Addition of CHX and fibre caused a minor
decrease in push out stress as compared to control formulation. It can also be seen that the
formulation containing 40 wt % had the highest push out stress (443 £ 9 MPa) followed by
the formulation with 20 wt % CaP (314 £18 MPa). Decreasing the CaP level from 40 to 0 wt
% caused a linear decrease in debonding stress. The formulation with 0 wt % CaP had the

lowest debonding stress (186 + 13 MPa), followed by the formulation with 10 wt % (253 *

21 MPa).
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Figure 7-18 : Push out stress for 4-META formulation with Cap (0, 10, 20 and 40 wt %) and 5
wt % CHX and fibre in addition of control formulation with self-adhesive Ibond. The errors
bars give 95% C.I of the mean. (n=6).
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Table 7-13 shows the linear regression analysis of push out stress for 4-META formulations
with the self-adhesive agent Ibond. The high R? values obtained by a Linest analysis
confirmed a linear relationship between CaP with push out stress with the use of self-
adhesive agent Ibond. The gradient after applying Ibond was more than double that with dry
and wet ivory dentine, as seen in Table 7-12.

Table 7-13: push out stress gradient, intercept and R? from linear regression analysis versus
CaP for 4-META formulations with Cap (0, 10, 20 and 40% wt) and self-adhesive agent Ibond.

CaP (wt %) push out test with Ibond (MPa)
40 443+ 9
20 314 +18
10 253 +21
0 186 + 13

Linear Regression of push out test versus CaP wt % (n=6)

Gradient (MPa/wt %o) 6.4+ 0.05
Intercept (MPa) 187 =1
R’ 0.99

The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the variance between the 4-META experimental formulations with
adhesive agent Ibond was equal (P < 0.001). Post-hoc multiple comparisons showed that
there were significant statistical differences between formulations and all different CaP levels

(P < 0.001).
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7.9.2. Experimental formulations with HEMA

7.9.2.1. Bonding to dry ivory dentine

The debonding stress for the experimental formulations containing HEMA, with control
formulation, different levels of CaP, 5 wt % CHX and fibre with dry ivory dentine is shown
in Figure 7-19. The push out stress was on average 42 % higher with acid etching of dry

ivory dentine.
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Figure 7-19: Push out stress for dry ivory sample with HEMA formulation with Cap (0, 10, 20
and 40 wt %), 5 wt % CHX and fibre and control formulation after etching with phosphoric
acid for 20 s or 0 s of dentine. The error bars give 95 % C.I of the mean (n= 6).
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The figure shows CHX and fibre addition caused decrease in push out stress as compared to
control formulation with and without acid etching. The HEMA formulation and high CaP
levels (40 % wt) showed the highest push out stress with both etched and non-etched ivory
dentine: 41+ 3 and 30 = 3 MPa respectively. The formulation with 0 wt % CaP showed the
lowest debonding stress with and without acid etching: 19 £ 1 and 13 + 1 MPa respectively.
Decreasing the CaP caused a linear decrease in the debonding stress, regardless of acid
etching.

Table 7- 14 shows the linear regression gradient of debonding stress of HEMA formulations
versus CaP levels. High R? and small error on the gradient and intercept confirmed that
debonding stress increased with increased CaP concentrations. The gradient after acid etching
was ~ 1.8 (0.71/.4) times higher than the non-etching dentine (see Table 7-14).

Table 7-14: Push out stress for wet ivory (controlled hydration) gradient, intercept and R?from

linear regression analysis of formulation with HEMA, Cap (0, 10, 20 and 40 wt %), etching with
phosphoric acid for 20s or no-etching.

CaP (wt %) Push out stress (MPa)
Etching No-etching
40 41+3 30+3
20 25+2 19+1
10 23+2 16+2
0 19+1 131

Linear Regression of push out test versus CaP wt % (n=6)

Gradient 0.71+£0.09 0.40+ 0.04
(MPa/wt)
Intercept (MPa) 17+2 12+0.9
R’ 0.95 0.98
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The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the variance between the formulations and with etching and non-etching
were equal (P < 0.001).With acid etching, the post-hoc multiple comparisons result showed
that there were only no significant statistical differences between formulations with 10 and 20
wt % CaP (P > 0.999). Without acid etching, there were significant statistical differences
between the formulation with 40 wt % CaP and all other CaP levels (P < 0.001) and between

0 and 20 CaP wt % (P < 0.05), but not between other formulations (P > 0.05).

7.9.2.2. Bonding to controlled hydrated Ivory dentine

The debonding stress for HEMA formulations with control formulation and different levels
CaP and wet ivory after controlled hydration are shown in Figure 7-20. The push out stress
was on average 52 % higher when the wet ivory dentine had been etched with phosphoric
acid. The figure shows CHX and fibre addition has higher push out stress 105 MPa as
compared with control 80 MPa with acid etching, however, the effect was negligible with no
acid etching dentine. The formulation with high CaP levels (40 wt %) had the highest push
out stress with both etched and non-etched dentine: 150 = 9 and 86 + 9 MPa respectively.
Decreasing the CaP level decreased the debonding stress with and without acid treatment.
The formulation with 0 % CaP had the lowest debonding stress, regardless of acid etched,

followed by formulations with 10 and 20 % CaP.
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Figure 7-20: Push out stress for wet ivory dentine for formulations with HEMA, CaP (0, 10, 20
and 40 wt %) and etching with phosphoric acid for 20s or no-etching. Errors bars indicate 95%
C.I of the mean. (n=6).

The linear regression gradient of push out stress versus CaP using wet ivory dentine is
provided in Figure 7-15. The high R? value and small error on the gradient and intercept
confirmed that debonding increased linearly with increasing CaP concentrations. The
gradients after acid etching was double that with no acid etching whilst the intercept was 30%

higher, as seen in Table 7-12.
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Table 7-15: Push out stress using wet ivory (control hydration) for HEMA formulations with
CaP (0, 10, 20 and 40 wt %) after etching the dentine with phosphoric acid for 20 s or no-
etching. Lower section gives linear regression analysis with gradient, intercept and R? for
average data versus CaP wt %.

CaP (wt %) Push out stress (MPa)
Etching 20 s Non-etching
40 150+ 9 86+9
20 125+ 8 66 + 10
10 115+8 52+ 4
0 105+ 7 37+ 4

Linear Regression of push out stress versus CaP% (n=6)

Gradient (N/wt %) 1.13+0.04 1.21 £0.09
Intercept (N) 103+1 39+2
R? 0.99 0.98

The analysis of variance (ANOVA) revealed sufficient evidence to reject the null hypothesis
that the variance between the experimental formulations with etching and no etching were
equal (P < 0.001). With acid etching, the post-hoc multiple comparisons result showed that
there were significant statistical differences between formulations with 40 wt % CaP and all
other CaP levels (P < 0.0001), and between 0 and 20 wt % CaP (P < 0.01). There were no
significant statistical differences between formulations with 0 and 10 wt % (P = 0.476) and
between 10 and 20 wt % CaP (P = 0.561). With no acid etching, the statistical analysis was

fairly similar.
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7.9.2.3. HEMA formulations with self-adhesive Ibond

The push out stress results for all HEMA formulations and applying the self-adhesive agent
(Ibond) to wet ivory dentine surface is given in Figure 7-21. Addition of CHX and fibre
caused a minor decrease in push out stress as compared to control formulation. It can be seen
that the formulation containing 40 wt % had the highest push out stress (288 = 9 MPa)
followed by the formulation with 20 wt % CaP (227 + 14 MPa). The formulation with 0 wt %
CaP had the lowest debonding stress (125 £ 9 MPa), followed by the formulation with 10 wt

% (174 + 10 MPa).
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Figure 7-21 : Push out stress for wet ivory dentine (control hydration) sample with HEMA
formulations with Cap (0, 10, 20 and 40 wt %) after etching of dentine with phosphoric acid for
20s or no-etching. The errors bars represent 95% C.I of the mean. (n=6).
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Decreasing the CaP level from 40 to 0 wt % caused a linear decline in debonding stress. The
linear regression analysis results of push out stress for formulations with different CaP levels
and the self-adhesive agent Ibond are provided in Table 7-16. The high R® values confirm
linear equations describe the data well.

Table 7-16: Push out stress for experimental formulation with HEMA, Cap (40, 20, 10 and 0%
wt) and self-adhesive agent Ibond. Lower section gives linear regression analysis with gradient,
intercept and R? for average data versus CaP wt %.

CaP (wt %) Shear bond strength with Ibond (MPa)
40 288+ 9
20 227+ 14
10 174 £ 10
0 125+9

Linear Regression of push out stress versus CaP % and adhesive agent (n=6)

Gradient (MPa/wt %) 4.0+ 0.39
Intercept (MPa) 132 +9
R? 0.98

An analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the variance between the HEMA formulations, CaP and the adhesive
agent Ibond was equal (P < 0.001). The post-hoc multiple comparisons result showed that
there were significant statistical differences between formulations and all different CaP levels

(P < 0.001).
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7.10. Shear test

7.10.1. Experimental formulations with 4-META
The shear bond strength for 4-META formulations with control formulation and added CaP

(0, 10 20 and 40 wt %), 5 wt % CHX and fibre and hydrated ivory dentine are represented in

Figure 7-22.
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Figure 7-22: Shear bond strength for wet ivory dentine for 4-META formulation with Cap (0,
10, 20 and 40 wt %), 5 wt % CHX and fibre in addition of control formulation after etching
with phosphoric acid for 20 s 0 s. The error bars represent 95% C.I of the mean (n=6).
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The figure shows CHX and fibre addition has negligible effect as compared to control
formulation with and without acid etching. The shear bond strength was on average 36 %
higher with acid etching. The formulation with high CaP (40 % wt) had the highest shear
strength with etched and non-etched dentine of 27 + 2.1 and 17 + 1.1 MPa respectively.
Decreasing the CaP level decreased the shear bond strength linearly with and without acid
etching. The formulation with 0 wt % CaP had the lowest shear bond strength with and
without acid etching of 15 £ 1.3 and 9 £ 1.6 MPa respectively, followed by formulations
with 10 and 20 wt % CaP.

Table 7-17 shows the linear regression gradient of shear bond strength versus CaP wt % with
wet dentine (control hydration). The high R? values are obtained by a Linest analysis with,
but not without acid etching. The gradient after acid etching was 1.6 times that with no acid
etching.

Table 7-17: shear bond strength gradient, intercept and R? from linear regression analysis

versus CaP for 4-META formulation with Cap (0, 10, 20 and 40 wt %) after etching with
phosphoric acid for 20s or no-etching.

Cap (wt %0) Shear bond strength (MPa)
Etching 20 s Non-etching
40 27+£2.1 17211
20 22+14 15+1.1
10 19+1.3 12+21
0 15+13 916

Linear Regression of Cure depth versus CaP% (n=3)

Gradient (MPa/wt %) 0.28 +0.025 0.18 £ 0.05
Intercept (MPa) 15 £0.6 10+1.2
R? 0.98 0.87
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The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the variance between the experimental formulations with etching and no
etching were equal (P < 0.001). With acid etching, the post-hoc multiple comparisons showed
that there were significant statistical differences between formulations and all CaP levels (P <
0.001) except the formulation with 10 and 20 wt % CaP (P = 0.138). With no acid etching,
the result showed that there no were significant statistical differences between formulations
with 40 and 20 wt % CaP (P > 0.999) and between those with 20 and 10 wt % CaP (P =
0.69), as well as 0 and 10 wt % Cap (P = 0.053). However there was a significant difference

between 40, 10 wt % and 40 and 0 wt % (P < 0.05).

7.10.1.1. 4-META formulations with CaP and self- adhesive Ibond

The shear bond strength results for all 4-META formulations and application of self-adhesive
(Ibond) to wet ivory dentine is given in Figure7-23. The figure shows on average the control
formulation has higher shear bond strength (50 MPa) as compared to CHX and fibre
formulation (34 MPa) and different levels of CaP. It can be seen that formulation with 40 wt
% CaP had shear bond strength of 45 + 1.8 MPa, followed by formulation with 20 wt % CaP
of 41 £2.1 MPa. The shear bond strength of formulations with 0 and 10 wt % CaP were

comparable (~ 34 MPa).
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Figure 7-23: Shear bond strength for 4-META formulation with Cap (40, 20, 10 and 0% wt),
CHX and glass fibre at (5 wt %) in addition of control formulation and self-adhesive Ibond. The
error bars indicate 95% C.I of the mean

Table 7- 18 displays the linear regression analysis of the shear bond strength for 4-META
formulations with using the self-adhesive Ibond versus CaP wt %. This shows an increase in
the shear bond strength with increasing CaP level. Whilst the error on the intercept is small,

the R?value is < 0.95 and error on the gradient is high.
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Table 7-18: shear bond strength gradient, intercept and R? from linear regression of
formulation with 4-META, Cap (0, 10, 20 and 40 wt %) and self-adhesive Ibond.

CaP (wt %) Shear bond strength with Ibond (MPa)
40 45+ 1.8
20 41+21
10 35+13
0 34+4

Linear Regression of Cure depth versus CaP% (Standard errors (n=3)

Gradient (MPa/wt %o) 0.30£ 0.05
Intercept (MPa) 33 +1.2
R? 0.94

An analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the variance between the 4-META experimental formulations with the
adhesive agent Ibond was equal (P < 0.001). The post-hoc multiple comparisons showed that
there were no significant statistical differences between formulations with CaP 0 and 10 wt %
CaP (P > 0.999) and between 40 and 20 wt % CaP (P = 0.083). There was significant
statistical difference between 40 wt % and all levels of CaP (P < 0.05) and between
formulations with 20 and 10 wt % CaP (P < 0.05), as well as between 20 and 0 wt % (P <

0.05).
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7.10.2. Experimental formulations with HEMA

The shear bond strength for HEMA formulations with control formulation and different
levels of CaP, 5 wt % CHX, fibre and wet ivory dentine (control hydration) are shown in
Figure 7-24. The shear bond strength was increased on average by 10 % after the acid etching
of wet ivory dentine. Addition of CHX and fibre caused a minor decrease in shear bond
strength as compared to control formulation with and without acid etching. The formulation
with high CaP (40 wt %) had the highest shear strength with etched and non-etched dentine

with 14 + 1.4 and 11 + 0.9 MPa respectively.
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Figure 7-24: Shear bond strength for wet ivory dentine for HEMA formulations with Cap (0, 10,
20 and 40 wt %), CHX and glass fibre at 5 wt % in addition of control formulation after etching
with phosphoric acid for 20 s or 0 s. The error bars represent 95% C.I of the mean (n=6).
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A linear regression analysis of shear bond strength for HEMA formulations versus CaP wt %
showed that increased CaP levels increased the shear bond strength both with and without
acid etching. The high R? values, the relatively small errors on gradients and intercepts
showed that linear equations described the data well (see Linest analysis in Table 7-19).

Table 7-19: Linear regression analysis of shear bond strength versus CaP for HEMA

formulations with CaP (0, 10, 20 and 40 wt %) upon dentine etching with phosphoric acid for
20s and no etching.

Cap % Shear bond strength (MPa)
Etching for 20 s Non-etching
40 136+1.3 11.1+£0.9
20 11.2+1.3 9.0+£0.9
10 10+1 81
0 9311 75038

Linear Regression of shear bond strength versus CaP% (n=6)

Gradient
(MPa/wt %) 0.098 £ 0.014 0.088 + 0.007
Intercept (MPa) 94 +0.3 7.4+0.17
R’ 0.96 0.98

The analysis of variance (ANOVA) showed that there was sufficient evidence to reject the
null hypothesis that the variance between the HEMA formulations with and without acid
etching were equal (P value < 0.001). The post-hoc multiple comparisons for etched and non-
etched ivory dentine showed that there were significant statistical differences between

formulations with 40 wt % CaP and all other CaP levels (P < 0.001).
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7.10.2.1. HEMA formulations with CaP and self-adhesive Ibond

The shear bond strength results for all HEMA experimental and self-adhesive Ibond to wet
ivory dentine is given in Figure 7-25. The figure shows CHX and fibre addition has
negligible effect as compared to control formulation. It can be seen that the formulation with
40 wt % had the highest shear bond strength (45 MPa). The shear bond strength of
formulations with 0, 10 and 20 wt % CaP were comparable (~ 36 MPa). There was no
consistent effect evident on shear bond strength from increasing CaP concentration from 0 to

40 wt % with self-adhesive Ibond.
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Figure 7-25 : Shear bond strength for wet ivory dentine for HEMA formulation with Cap (0, 10,
20 and 40 wt %), 5 wt % CHX and glass fibre in addition of control formulation and Ibond. The
error bars represent 95% C.I of the mean (n=3).
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The analysis of variance (ANOVA) showed that differences between HEMA formulations

with different levels of CaP and self- adhesive agent Ibond were not significant (P > 0.05).
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7.11. Discussion

The aim of this thesis was to develop composites with good handling properties, high
monomer conversion and depth of cure, low shrinkage, water sorption induced expansion to
compensate for shrinkage, CHX release, high strength and ability to bond to dentine without
application of an adhesive.

The same monomers used in the control formulations in the previous chapter were used here
for the reasons previously discussed. The PLR of the experimental composites was fixed at

3:1 for all formulations, as pastes with 20 or 40 wt % CaP and higher PLR were too dry.
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7.11.1. Degree of conversion

The degree of conversion of experimental composites with CHX 0 wt % reactive CaP was on
average ~ 76 %, which was slightly lower than control experimental formulations (~ 78 %).
This is contrary to a previous study which showed that adding 5 wt % CHX in dental
composites can improve degree of conversion (300). The formulations with HEMA again had
slightly better conversion than the formulation containing adhesive monomer 4-META
(Figure 7-2 and 7-3). This could be explained by HEMA improving the wetting of the filler
phase and thereby reducing air incorporation and oxygen inhibition.

The results with HEMA but not 4-META indicate that CaP can reduce conversion. A
possible explanation is that CaP reduces wetting, but 4-META aids in the dispersion of the
CaP, thus counteracting, this problem. Despite the remineralising filler reducing conversion
in the HEMA formulations, the overall degree of conversion of experimental composites with
differing levels of CaP, however, was always significantly higher than commercial dental

composites.

7.11.2. Polymerisation shrinkage

In the literature, conventional commercial composites were shown experimentally to have
between 2 to 3.5 % shrinkage following polymerisation (89, 122). Previous studies showed
that the polymerisation shrinkage of Z250 was 2.4 %. Another study found that the
polymerisation shrinkage of Z250 was ~ 2 % (277, 301, 302). This particularly low shrinkage
is the result of the high molecular weight monomer, high filler content and low conversion.
The Gradia dental composite has been reported to have slightly higher polymerisation
shrinkage of about 2.7 %. This could be due to higher monomer volume fractions. It was

reported in the literature that dental composites using pre-polymerised filler reduce the
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shrinkage (257). This may not be true however if their use means higher monomer volume
fractions are required (280).

One mole of polymerising C=C bonds usually gives a volumetric shrinkage of 23 cm*/ mol.
Polymerisation shrinkage therefore increases proportionally with the amount of C=C present
and the percentage conversion (204). Employing this concept, the polymerisation shrinkage
of the control experimental formulations with HEMA or 4-META was calculated to be 3.8 %
and 3.6 % respectively with conversion of 80 and 77 % respectively. The lower powder to
monomer ratio 3:1 (required to enable high calcium phosphate addition in the next chapter)
and higher monomer conversion are the primary reasons for these high calculated shrinkage.
Wiliest Z250 contains ~ 18 wt % (~ 40 vol %) monomer, and the experimental materials
contain 25 wt % (~ 45 vol %).

It is also known that replacing the high molecular weight bulk monomer Bis-GMA with a
base monomer such as UDMA with enhanced molecular flexibility can lead to increased
polymerisation shrinkage, due to an increase in the monomer conversion (255). PPGDMA,
being of a higher molecular weight than TEGDMA, could potentially have decreased control
experimental composite shrinkage. The higher conversion with PPGDMA, however,
increases it.

The polymerisation shrinkage of experimental composites with 4-META or HEMA and
different levels of reactive CaP (0, 10, 20, 40 wt %) were on average between 3.4 and 3.7 %
respectively. This is higher than that of the commercial composites both in chapter 6 and the
literature (89, 122). As discussed previously, this could be due to the higher conversion of the
experimental formulations and could be attributed to lower filler loading. In general the
experimental formulations with HEMA had slightly higher shrinkage than those with 4-
META. This was due to HEMA giving a slightly higher degree of conversion. It should be

noted that conversions provided are the polymerisation at 1 mm depth. Theoretically
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polymerisation shrinkage is directly related to conversion, which is often reduced at greater
depth. Placement of composite restorations in thick layers might reduce shrinkage in the
lower part of the restoration as a result of lower conversion. Too low a conversion however,
could cause cytotoxicity. Conversely if the top surface has a higher degree of conversion,

surface properties such as hardness and wear resistance could be improved.

7.11.3. Depth of cure

The depth of cure is an important factor because it determines the number of steps clinicians
must use when placing the restoration. Low depth of cure may lead to the elution of the
monomer near the pulp cavity if the composite is placed in a thick layer. Factors affecting
depth of cure include: the curing time distance between light tip and sample and composite
colour shade (151). Increasing the distance between light tip and composite filling by more
than 1 mm can decrease the intensity of light reaching the sample. Thus, increasing the curing
time to more than 20 s in some filling restorations, such as class two inter proximal cavity,
has been advised to ensure optimum polymerisation of the composites (270, 303).
Additionally, dental composite manufactures recommend that the curing time should be
increased to 40 and 60 s for bulk fill composites placed up to 5 mm in depth (304).
Experimental formulations with high levels of reactive fillers and 4-META had a higher
depth of cure (~ 8 %) than those with HEMA formulations- except formulations with 40 wt
% CaP which were similar. A possible explanation therefore is that 4-META interacts with
the CHX thus reducing aggregation of the CHX particles and thereby reducing light
scattering (261, 262). Furthermore, the formulation with HEMA and 0 % CaP had lower
conversion than the HEMA control. Dental composites with small particles size (or less

aggregation) reduce scattering of light and lead to higher depth of cure (36, 270).
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The depth of cure of all experimental composites formulations containing different levels of
CaP (0, 10, 20 and 40 wt %) and CHX all fulfilled the ISO 4049 requirement of 1.5 mm
minimum depth of cure with 20 or 40 s light exposure. This was despite the depth of cure
decreasing linearly with CaP increase from 0 to 40 wt % (R?= 0.99) (Table 7-1 and 7-2). The
light transmission can be reduced as a result of light scattering, in turn caused by a mismatch
in the refractive index of the monomer and filler phase (305) and this being further enhanced
by particle aggregation. The refractive index of the powder components are 1.48, 1.52, 1.63
and 1.66 for glass, MCPM, TCP and CHX respectively (306). In the experimental
formulations the glass and monomer are well matched, as mentioned in the previous chapter.
The addition of increasing levels of TCP with CHX, however, is expected to enhance
scattering. This explains the reduction in depth of cure with formulations with high CaP wt %
in this study. Moreover, in all experimental formulations there was a significant increase in
the depth of cure when the light exposure increased from 20 s to 40 s (P < 0.05) (Figure 7-6
and 7-7). This is in agreement with previous results (307, 308). Clinically inadequate degree
of conversion and depth of cure are more likely in class two and deep class one cavities,

where longer cure time is advised (309, 310).

7.11.4. Mass and volume change

The effect of fibre and chlorhexidine release will have limited effect on mass and volume
changes because it’s both are hydrophobic in nature and CHX percentage mass is relatively
low and it is likely to be replaced in the bulk of the material by water of similar density.

The mass and volume change (water sorption) was enhanced by increasing CaP (MCPM and
TCP) for HEMA or 4-META formulations. This is presumably due to the presence of highly
soluble MCPM. Previous studies showed that adding combinations of MCPM and TCP

increased mass and volume changes in resin composites (109, 198). Other studies, with added
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amorphous calcium phosphate (ACP), also exhibited increased water sorption (311). As
expected, the experimental formulations with HEMA had higher water sorption levels than 4-
META formulations. This was due to HEMA being more hydrophilic than 4-META (76).
The water sorption reached a maximum; after 3 months the increase continues at a slower
rate. The experimental formulations with HEMA or 4-META with 10 and 20 wt % CaP were
increased and reach maximum change at 2 months after which increase continues at a slower
rate. This is probably due to the amount of CaP (MCPM) available in the sample, which
encourage water sorption, having decreased. The highest observed mass and volume change
in both formulations with higher CaP (40 wt % CaP) was probably due to having replaced
silane treated glass with CaP. This may lead to poor wetting between polymer matrix and
filler phase (312).

If water is expanding the polymer matrix phase, the percentage volume change should be
comparable to the percentage mass change multiplied by the sample density. Alternatively, if
water fills pores within the sample or air bubbles are generated, for example due to hand
mixing or poor wetting of non-silane treated CHX and CaP, mass will increase but volume
will remain unchanged. With experimental composites the ratio of volume divided by mass
was less than the density for all formulations. This suggests some expansion, but also some
pores filling.

A further complication affecting the mass and volume changes of reactive filler composite is
that new products in the material bulk may have differing densities from reactants, causing
porosities and reaction with or bind of water in new structures. Furthermore, water may
replace fillers of higher density, causing a decrease in mass but negligible change in volume.
The maximum water sorption was proportion to the CaP percentage. A Previous study has
shown that water enables a MCPM reaction with TCP to form brushite (109).

The chemical reaction for brushite formulation is shown below:
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Ca (H2P04)2.H20 + Caz (PO4)2 + 7H,0 — 4CaHPO,4.2H,0

This shows that each gram of MCPM requires 0.5 g of water to enable the formation of
brushite in the composite (208). For the experimental composites this would correspond to a
1 wt % of CaP requiring 0.2 wt % increase in mass for full MCPM reaction. From gradients
of maximum change in mass versus CaP in Table 7-3 and 7-4, ~ 30 to 60 % of the water
required to provoke the transformation for all MCPM into brushite is therefore absorbed
irrespectively of CaP concentration. The unreacted MCPM might be released to enhance
remineralisation. Previous studies confirmed that dental composites containing CaP need
adequate water sorption to release the Ca and PO, ions for remineralisation (109, 198).

According to Fick’s law of diffusion:
oM _ 5 [be ion 7-
m = 2 2 Equatlon 7-5

D is the diffusion coefficient of water into the composite (cm?s ™), t is time (s), | is sample

thickness (cm). Combining this with equation 7-6 and 7-7 gives:

0.006 005 _ o | D —
o1 (T = 21/,,,2 Equation 7-6
o006 Ch)™T = 21/,,,2 Equation 7-7

After correcting the use of h instead of seconds and as the sample has a thickness of 0.l cm,
this gives D= 6.5 x 10”° cm? s * for formulations with HEMA and 6.2 x 10° cm? s * for 4-
META formulations. This is in the range expected, based on a previous study of water

sorption of resin composite (214). The data above indicates that this diffusion coefficient is
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independent of CaP content. This suggests the structure of the monomer phase is crucial in
determining the early rate of water sorption, whilst the level of CaP determines the final
amount.

The formulations with HEMA and 4-META with 10 and 20 wt % CaP expand by 2.5 and 3.9
vol % and 2.6 and 3.4 vol % respectively upon maximum water sorption. This expansion
compensates for the 3.7 and 3.5 % polymerisation shrinkage which occur after curing in
HEMA and 4-META formulations respectively. However, the expansion of these
formulations with 40 wt % CaP was higher than the average polymerisation shrinkage (3.5
%), which could potentially crack the tooth. Excessive water sorption can also lead to the

deterioration of composite’s mechanical properties (313).

7.11.5. Chlorhexidine release

The lack of antibacterial activity in the current dental composites can enable bacterial growth
at margins of tooth restorations, secondary caries and decreased restoration longevity (36).
There have been several attempts to develop dental composites with added antibacterial
agents to combat these problems (184). Chlorhexidine (CHX) has previously been
incorporated into dental filling materials, such as GIC and RMGIC to improve their
antibacterial properties (184, 189, 199, 314, 315). Previous studies also showed that even a
low release of CHX from filling materials significantly reduce acidogenic bacteria such as
Streptococcus. mutans, biofilms formation, and lactic acid production (184).

For this thesis, the initial CHX release for experimental formulations with CaP was
proportional to the square root (SQRT) of time, as expected for diffusion controlled processes
(Figure 7-10 and 7-11). Increasing the CaP levels substantially increased the release of CHX
in both HEMA and 4-META formulations, which agrees with a previous study (198). This

might be due to higher water sorption upon increasing the CaP levels. According to several
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other studies, water sorption encourages CHX to be released more readily from composites
(315, 316). The absorbed water dissolves the solid CHX, enabling its release into the
surrounding environmental. Water sorption could also, however, make the polymer more
flexible allowing the release of more CHX.

With high CaP, CHX release continued for several months despite water sorption reaching
equilibrium within 1 month. Release from experimental formulations with 0 and 10 wt %
CaP continued until 1 and 2 months respectively, whilst release from formulations with 20
and 40 wt % CaP continued to 3 and 4 months respectively. The reduction of CHX release
over time might be due to the decreased water sorption abilities of these formulations. The
initial release of CHX is particularly important for elimination of unremoved acidogenic
bacteria during the restoration procedure (317). Longer term CHX release from composites
may help decrease occurrences of secondary caries. Moreover, CHX release for a prolonged
time might also protect the smear layer from collagen degrading enzymes (318).

For a diffusion controlled process the mass of drug released would be expected to be given

by:
Re _ ., [Dt . i
B = 2 | Equation 7-8

Where R is initial gradient of drug release and R._, .. is final release. D is the diffusion
coefficient of drug from the composite (cm?s ™), tis time (s), | is sample thickness (cm)

From Table 7-5 and 7-6

0.0054 05 _ o [D .
oz7 (A7 = 2‘/,,12 Equation 7-9
oar )T = 2,/,,,2 Equation 7-10

2

The diffusion coefficients D for CHX release were therefore 8.7 x 10° ¢cm? s * for

formulations with HEMA and 4.6 x 10™° cm? s * for 4-META formulations. The difference
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may be caused by the more hydrophilic nature of HEMA compared to hydrophobic 4-META
(214, 319). The present findings are consistent with previous research which found that
adding CHX in dental composite with increased HEMA lead to an increase in CHX release

(198).

7.11.6. Biaxial flexure strength and modulus

The experimental formulations with added glass fibre and CHX each at 5 wt % had BFS
decreased by ~ 30 MPa compared to control formulations. As the fibres are silane treated
they are unlikely to have been the main cause of this reduction. Factors such as chemistry,
fibre dimensions and concentration of fibre may all play an important role in the mechanical
properties (121, 122, 128). Some studies showed that fibre incorporated at low levels
improves mechanical properties (224, 320). Conversely, other studies found that fibre may
cause stress points or crack initiation sites resulting in decreased mechanical properties
(129). Previous studies however, have found that 5 % CHX decreased mechanical properties
(321).

Further replacement of silane coated glass with increasing CaP (MCPM and TCP) (10, 20
and 40 wt %) caused further decline in dry flexure strength. The reduction observed with dry
formulations is presumably due to the lack of coupling agent between the CaP filler and
matrix. Having no chemical bond between the filler and resin is a key factor responsible for
decreasing the mechanical properties of dental composites (9, 198). All the experimental
formulations showed a much greater decline in BFS and modulus after 24 h and 7 days of
immersion in water. The decline in mechanical properties upon addition of CaP is most likely
due to the solubility of MCPM encouraging further water sorption. The water can penetrate
into polymer network; consequently, the swollen and plasticized polymer network and reduce

mechanical properties (158, 174). Furthermore, it is well known that silane coating glass filler
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enhances mechanical properties (322, 323); they provide both a chemical bond between
matrix and filler and enhancing wetting of filler particles to prevent air entrapment. More air
bubbles were seen in formulations with 20 and 40 wt % CaP than with lower levels. The level
of porosity has been previously shown to correlate with the mechanical properties (324).
Moreover, this result was in agreement with previous studies where it was found storing
dental composites in water for 24 h resulted in decreased strength (198, 325).

Hand mixing of experimental composites is also thought to be a major source of porosity and
variability in porosity. In commercial materials this can be overcome partially via machine
centrifugal mixing and/or vacuum mixing. Reducing PLR can help with particle wetting. This
is why, in preliminary studies, better strength was observed with PLR of 3 rather than 4 and
why the former was chosen for the experimental materials

Generally, the greatest rate of decline in strength upon water immersion was observed in the
first 24 h. This is due to the greater water sorption and faster component release over this
period. Upon immersion in water, formulations with CHX but no CaP declined in strength
less with HEMA than with 4-META formulations. This might be attributed to water sorption
negating the benefit of 4-META interaction with CHX. CHX release can lead to the
formation of holes upon drug release (214). The level of release, however without CaP is
small in this thesis study.

The factors which control the decline in strengths upon water immersion with the reactive
fillers are more complex. It is known that MCPM readily dissolves in water, which can
contribute to the deterioration in strength of the composite (109). In addition to greater water
sorption, MCPM and CHX release increase upon increasing CaP addition, however, the
reaction between MCPM and TCP to form brushite may bind water. This could reduce the

amount of water infiltrating into the polymer network. Additionally, greater volumes of
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brushite could enable filling of holes caused by component release. This could reduce the
negative effects of water sorption and component release on strength.

The modulus of dental composites is dependent on the modulus and volume fraction of each
phase (326). Moreover, the level of porosity is also correlated with the modulus (324). A
strong proportional co-relation has been found between the inorganic weight percent in the
resin composite and modulus of the materials, which could explain the higher modulus of the
experimental composites than commercial composites. It has been also shown that the
modulus of materials increases with increase the monomer conversion of dental composites
(327).

Furthermore, the manufacture composition is difference between the same resin composite
such as particles size and shape of inorganic filler and kind monomer might influence the
mechanical properties of formulations (328).

In the above thesis there was a strong correlation between modulus and strength. This is due
to factors such as pores and water sorption, which reduce strength and having a similar effect
on modulus. High strength is important to reduce fracture and low modulus can increase

resilience and energy absorption.

7.11.7. Push out test

Good bond strength between composite restoration and tooth structure is important for
increasing the longevity of the filling restorations (76). With current materials there is
evidence of insufficient marginal sealing between the composite and tooth structure (86).
This study was therefore carried out to assess if experimental composites containing adhesive
monomer 4-META or HEMA and CaP might overcome these issues. The push out test
simulates the clinical condition more closely than in shear tests because it constraint the

curing composite and the associated polymerisation stress (72).
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7.11.7.1. Dry ivory

The push out stress of experimental formulation containing 0 wt % CaP (CHX and glass fibre
at 5 wt %) showed the lowest push out stress with and without acid etching. This could be
attributed to the lack of adhesion promoting components in this formulation. Upon adding
CaP, an increase in the push out stress was showed. The push out stress of experimental
formulations with adhesive monomers 4-META or HEMA containing 40 wt % CaP showed
the highest push out stress to acid etched ivory dentine. This is due the dentine being acid
etched, which exposes dentinal tubules and allowing greater penetration of experimental
composites into the demineralised dentine surface (46), and enhance interlocking between
composites and dentine.

From Tables 7-11 and 7-12 the intercept of dry ivory dentine showed that experimental
formulations with 4-META had 1.5 times higher of bonding to ivory dentine when the
surface was etched with phosphoric acid for 20 s and 1.9 time higher bonding for non-etched,
when compared to HEMA formulations. This is due to is 4-META being hydrolysed to
provide two carboxylic acid group attached to the aromatic ring, resulting lower pH (76).
This is considered sufficient for satisfactory etching potential; it also demineralises the
dentine to allow the composite to infiltrate into dentinal tubules and offers some
micromechanical interlocking. On the other hand, the gradient also showed that 4-META

formulations had 3 times higher debonding stress versus CaP levels.

7.11.7.2. Wet ivory dentine

With controlled hydration ivory dentine, the push out stress bond strength increased
significantly for both experimental formulations, compared to dry ivory dentine. In 2000
Van Dijken demonstrated that the degree of composite penetration is improved by keeping
dentine wet to ensure optimal resin permeability. Formulations with 0 wt % CaP showed the

lowest bond stress to acid etched wet ivory dentine and slightly higher than control
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formulations. With increasing the CaP level a significant increase in the push out stress was
experienced. This could be due to the CaP’s ability to remineralise the hydrated ivory dentine
and help bind with collagen. On average the results also showed that experimental
formulations with 4-META had better bonding to ivory dentine when the surface was etched
with phosphoric acid for 20 s (160 MPa) in comparison to HEMA formulations (124 MPa).
With no acid etching the push out strength for 4-META formulations was 55 % higher than
HEMA formulations. It is believed that anhydride group in the 4-META formulations is
hydrolysed to provide two carboxylic acid groups. It is proposed that these may partially
demineralise the dentine to allow some micromechanical interlocking, but in addition enable
a chemical bond with calcium in the remaining hydroxyapatite. Furthermore, it may bond

with basic amino acid groups in the collagen (291).

7.11.7.3. Experimental formulations using self-adhesive Ibond

Using the self-adhesive agent lbond significantly increases the push out stress by 40 % for
the 4-META formulation and 22 % for HEMA formulation when compared to wet ivory
dentine. Replacing HEMA with 4-META increased the push out stress by ~ 30 %. A possible
explanation is that the 4-META in the composite and adhesive binds to the CaP phases
enabling greater interactions between the different interfaces. The increased hydrophilicity of
the composite might also enable greater interaction and wetting of the adhesive layer.

This was the result of the carboxylic acid group in 4-META forming within Ibond in the
presence of water. These groups could potentially further demineralise the ivory dentine to
allow further penetration of composites, more mechanical interlocking and chemical bond
with calcium in the remaining hydroxyapatite (329). The solvent evaporates after air drying
and adhesive curing which additionally provides chemical bonds with the monomer in dental
composites. Moreover, the low viscosity of the adhesive agent allows deep penetration into

the dentinal tubules (330). The push out stress for 4-META formulations with high level of
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CaP (40 wt %) was exceeded the 3000 N and caused the ivory dentine sample to break

instead of pushing the composite.

7.11.8. Shear bond strength

The addition of CHX (0 wt % CaP) had negligible effect on shear bond strength. The shear
bond strength of 4-META or HEMA formulations with different levels of CaP and a fixed
percent of CHX increase, compared to control and commercial composites.

The formulation containing 4-META and CaP displays a significant increase in shear bond
strength with and without acid etching (65 and 51 % increase respectively): more than
formulations with HEMA and different level of CaP. The bond strength was increased
linearly with an increase in CaP levels for both formulations. The experimental formulations
with HEMA and 4-META and high level of CaP (40 wt %) had the highest bond strength
across the formulations. Generally the shear bond strength was similar to the push out results.
Using the self-adhesive agent Ibond significantly improved the shear bond strength for all
experimental formulations. The shear bond strength for experimental formulations HEMA

and 4-META, and the effect of CaP 0, 10, 20 and 40 wt % was similar to the push out stress.
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8. Conclusion

The goal of this research study was to develop a self-adhesive dental composite that is easier
to place and has the potentially to reduce bacterial microleakage to prevent recurrent caries
compared to current composite filling material available in the market. The results of
experimental and commercial dental composites allow for a better understanding of the
behaviour of these materials in terms of conversion, shrinkage, water sorption, CHX release,
mechanical properties and adhesion to ivory dentine.

The literature review of dental composites in the first chapter indicated that the current dental
materials have a low conversation and that the uncured monomers that leach can from the
filling restoration over time contain levels of residual monomer. In addition, high
polymerisation shrinkage leads to gap formation and secondary caries, which is believed to
be the main reason for current composite filling restoration failure. The problem is enhanced

by lack of antibacterial and remineralising properties.

8.1. Commercial and control composites

The commercial composites Z250, Ecusphere and Gradia were first compared with control
experimental composites containing solely glass particles as control.

The result of the first study showed that control experimental composites with UDMA as the
main monomer and PPGDMA as diluent gave higher monomer conversion than the
commercial composites. The polymerisation shrinkage however, determined by degree of
conversion and composition was slightly higher than observed experimentally in the
literature. Commercial Z250 and HEMA control composites had higher mass and volume

change, followed by Gradia. The control formulation with 4-META and Ecusphere had the
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lowest levels of water sorption. Expansion due to water sorption was insufficient to balance
polymerisation shrinkage entirely.

Commercial Z250 and control 4-META composites provided the highest BFS and modulus
both dry and after immersion in water for up to 28 days. These were followed by HEMA and
Ecusphere composites. Gradia posterior had lower BFS and modulus.

Appling phosphoric acid gel for 20s increased adhesion ability of control experimental and
commercial composites to dry and wet ivory dentine. Replacing HEMA with the acidic
adhesive monomer 4-META gave formulations higher dentine bonding with and without acid
etching than commercial dental composites based on mixed dimethacrylate monomer. Using
wet dentine or the self-adhesive Ibond significantly increased the dentine bond strength of

control and commercial composites.

8.2. Experimental formulations with CaP and CHX

In the second study, experimental composite formulations containing the same monomer, but
in addition partial replacement of the glass filler particles by calcium phosphate (MCPM and
TCP) (0, 10, 20 or 40 wt %), chlorhexidine diacetate (CHX 5 wt %) and glass fibre (5 wt %)
were evaluated. High monomer conversion (76 %) was achieved with almost negligible effect
of both CHX and CaP being observed. Calculated polymerisation shrinkage for experimental
formulations was ~ 3.6 %. This was comparable to that obtained experimentally for current
flowable dental composites but more than for conventional composites.

The experimental composites formulations with CaP (0, 10, 20 and 40 wt %) and CHX
exceeded the required 1ISO 44049 depth of cure after 20 and 40 s curing. Increasing the CaP
from 0 to 40 wt % for both experimental formulations decreased the depth of cure linearly

after curing for 20 or 40 s.
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Incorporating CaP (MCPM and TCP) with CHX enhance water sorption and enabled grater
antimicrobial CHX release into deionised water. The experimental formulations with HEMA
had higher CHX release and water sorption. Water sorption induced expansion of
experimental composites, which can compensate for polymerisation shrinkage. Increased CaP
caused a detrimental linear decline in BFS with dry and wet samples. Decreased strength
however correlated with a decline in modulus which would raise resilience.

One of the more significant findings to emerge from this study is that adding 4-META at 5 wt
% improved bonding to ivory both with and without acid treatment, compared to HEMA.
Replacing HEMA with the acidic adhesive monomer 4-META significantly increased the
dentine bonding both with and without acid etching. Increasing the CaP from low to high
levels could work synergistically with 4-META, further increasing the bonding to ivory
dentine. Appling Phosphoric acid for 20 s also significantly increases adhesion to dry and wet
ivory dentine, more so than non-etching. Moreover, the bonding to ivory dentine was doubled
with controlled hydration ivory dentine samples. Using the self-adhesive Ibond also
significantly increased the dentine bonding for all formulations.

In summary, this thesis has shown that experimental composite formulations with 4-META
or HEMA could be an excellent alternative to current dental composites available in the
market. These experimental composites might overcome the concerns surrounding
polymerisation shrinkage, microleakage, and secondary caries as well as promote
antibacterial action and remineralisation of the dentine. The mechanical and adhesion test
was carried out by and confirmed by the industrial company DMG which concluded with a

similar result as this thesis.
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9. Future work

This study investigates degree of conversion, polymerisation shrinkage, and depth of cure,
water sorption, antibacterial CHX release, mechanical properties and adhesion to ivory
dentine. There are other properties should be investigated.
1. Biocompatibility and stability
Dental composites should be not toxic to the oral tissue. The biocompatibility of
experimental composite formulations should be investigated. Uncured monomers that
leach from resin composite over time may cause cytotoxicity. This leaching from set
composite samples soaked in water could be measured by High Performance Liquid
Chromatography (HPLC). This would give some idea of the species leached after
polymerisation. Cell studies would then be required to assess levels of these components
that are toxic.
2. Polymerisation shrinkage
Polymerization shrinkage for experimental formulations was calculated in this project
but was not measured. Shrinkage has been found via a density bottle method use of a
balance and density kit or computer controlled mercury dilatometer method. The
measurement of shrinkage by one of these methods should be performed to fully
evaluate the shrinkage calculation method.
3. Change in calcium and phosphate chemistry
The remineralisation properties of experimental composites described in this thesis
should be investigated by the chemical change of calcium phosphate species on set
material surfaces upon simulated body fluid immersion assessed using Raman
spectroscopy or X-ray diffraction (XRD). Furthermore, calcium and phosphate release

into water could be assessed using ion chromatography. Raman and SEM could also be
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used to understand the effect of acid treatment on ivory and to check any change in
hydroxyapatite content.

4. Antibacterial effect
The antibacterial activity of the experimental composite formulations developed in this
thesis should be evaluated in addition to drug release kinetics. For example, the effect
of samples on the growth of oral biofilms or bacteria penetration under the restoration
could be monitored using in vitro models. Moreover, antibacterial characteristics could
be assessed using agar diffusion tests and a biofilm forming constant depth film
fermentor (CDFF).

5. Mechanical properties
The experimental formulations being developed in this project require further
assessment of mechanical properties for more prolonged time. In addition, other
mechanical properties such as compressive strength and surface hardness should also be
evaluated.

6. Adhesion
The adhesion properties shear and push out test of experimental formulations should be
evaluated using human teeth, sound and carious enamel and dentine, and compared with
the results found with ivory dentine. Cyclic loading of the adhesive bond and the ability

to self-repair due to remineralisation also requires study.
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11. Appendices

11.1. Appendix 1 (Preliminary work)

11.1.1. Biaxial flexural strength test
e Series one formulations

The first series contained UDMA, PPGDMA and 4-META or PMDM monomers in fixed
ratio 68:25:5 by weight percent. CQ and NTGGMA were both at 1 wt % of the monomer
phase. The filler contained equal weight % of CHX and glass fibre fixed at 5 wt %. Equal
weights of TCP (306S) and MCPM were also incorporated in the filler. Their combined level
was 40 or 10 wt % of the filler phase. The glass particle filler used was 1F2019 glass from Sci
Pharm. This made up the remainder of the glass particles and was therefore added at a level
of 50 or 80 wt % in all powders. The powder liquid ratio (PLR, w/w) was 4:1 or 3:1. The

variables used in series one formulations are given in Table 11-1.

Figure 11-1: Variables for series one formulations.

Variables High (+1) Low (-1)
PLR 4:1 3:1

Adhesive monomer 4-META PMDM
CaP wt %(TCP+MCPM) 40 10

e Series two formulations

Series two formulations were identical to series one in except:
1) BAG glass of 7 um (DMG) replaced 1F2019 (Sci Pharm) glass. These 2 glasses
are similar in chemical composition and particle size but from different

manufacturers.
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2) Two types of TCP were used; TCP 306S with average particle size 4.3 um and
TCP 292S with particle size 16um.

3) The powder liquid ratio (PLR) was fixed at 3:1.

4) HEMA replaced PMDM.

Table 11-1: Variables for series two formulations.

Variables High (+1) Low (-1)
TCP particle size 292S 306S
Adhesive monomer 4-META HEMA
CaP wt % (TCP+MCPM) 40 10
11.1.2. Formulations for push out adhesion test

e Series three formulations

Series three formulations were identical to series two except the TCP was fixed as 306S. The
first variable was instead etching versus non etching of ivory. Variables are summarised in
Table 11-3. In this table etching indicates 20 s application of 37 % phosphoric acid gel,
rinsing and drying of ivory prior to cavity restoration. The powder liquid ratio was fixed at
3:1 and BAG glass employed.

Table 11-2: Variables factors for series three formulations (etching with 37 % phosphoric acid
or no etching).

Variables High (+1) Low (-1)
Etching 20s 0

Adhesive monomer 4-META HEMA
CaP wt % (TCP+MCPM) 40 10
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e Series four formulations
Series four formulations were identical to series three except the HEMA was replaced by
PMDM and the phosphoric acid gel etching was applied for 20 s or 120 s. Variables are
summarised in Table 11-4.

Table 11-3: Variables factors of series four push out test (etching of ivory dentine for 20s or
120 s with 37% phosphoric acid).

Variables High (+1) Low (-1)

Treatment 120 s 20s

Adhesive 4-META PMDM
TCP+MCPM 40 10

11.2. Factorial analysis

In order to investigate the effect of more than one independent variable simultaneously, this
study used a factorial experimental design. This type of Factorial analysis is frequently used
in dental research (331-333). The advantage of multiple variables design is that it can provide
some unique and relevant information about how variables interact or combine in the effect
they have on the dependent variable. In addition, it allows demonstration of the effect of
increasing each variable from a low to a high value whilst minimizing the number of samples
for the experiment. In the full factorial design, formulations with every possible combination
of variables are investigated with three variables at 2 level there are then 8 samples to be
tested. For each variable, 4 of the samples will have low variable values and the other 4 high
variable values as in (Table 7). C1 to C4 all have F for the first variable equal to +1 but two
each of +1 and —1 for variable 2 and 3. The effect of variable 1 can therefore be obtained by
comparing the average outcome for sample C1 to C4 with that for C5 to C8. Similarly,
comparing the average outcome for samples C3, C4, C7 and C8 with that of C1, C2, C5 and
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C6 gives the effect of variable 2, and so on. Interaction between variable 1 and 2 is obtained

from the average of C3, C4, C5 and C6 compared with that of C1, C2, C7 and C8.

Figure 11-2: Variable combinations for a two level factorial experimental design involving three
variables. +1 and -1 refer to high and low values of the variable respectively.

Sample  Variable Variable Variable Interaction Interaction Interaction Interaction

1 2 3 F1F2 F1F3 F2F3 FlFZFS

F1 ) Fs
C1 +1 +1 +1 +1 +1 +1 +1
Cc2 +1 +1 -1 +1 -1 -1 -1
C3 +1 -1 +1 -1 +1 -1 -1
C4 +1 -1 -1 -1 -1 +1 +1
C5 -1 +1 +1 -1 -1 +1 -1
C6 -1 +1 -1 -1 +1 -1 +1
C7 -1 -1 +1 +1 -1 -1 +1
C8 -1 -1 -1 +1 +1 +1 -1

The results are mathematically analysed using the following equation below

P=<P>+S;a1+ Spa; +Sza3 +S1S2 12 + S1S3 a13 +S2S3 A23 +5152S3 a123

Equation Figure 11-3: Simple factorial expressions for 3 variables at 2 levels

S1, S; and S; take values of +1 or -1. aj, a; and a3 indicate the magnitude of the effect of 3

variables. The other “a” terms indicate levels of variable interaction.

<P> is the arithmetic mean result for all 8 possible formulations. a; quantifies the average
effect of changing variable ‘I’ and a;;j and a;; are two and three variable interaction terms.

These were calculated using:
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28, =<P>__, —<P>._,

2aij =<P ZFiF=+1 — < P > FiFj=-1

28y, =<P>pgp y —<P>pgp g

<P>p-;; and <P>g-; are the arithmetic mean values of P for all four samples with F; equal to
+1 and -1 respectively. 95 % confidence interval error bars for 2a parameters were calculated
assuming C.I = 1.96 x S.D/Vn. n is the number of repetitions of the full set of 8 samples in
the experiment design. If these error bars cross zero, the variable ’i” has no significant effect

on the property.

11.3. Results

11.3.1.1.  Biaxial flexural strength Results

e Series one formulations
The average series one BFS for 4-META and PMDM formulations with 10 and 40 wt % CaP are
given in Figure 11-1(a). Factorial analysis in Figure 11-1 (b) indicated no significant effect upon
replacing 4-META by PMDM as the error bar for “al” crossed zero. Furthermore, interaction effects
between variables were not experimentally significant. It can be seen however that increasing CaP to
40 wt % decreased the BFS on average by 33 MPa (equal to a2) compared to 10 wt % CaP

formulation. PLR 4:1 decreased the BFS by ~ 11 MPa (equal to a3) as compared to 3:1.
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Figure 11-4: a) Biaxial flexure strength of series one formulation with variables 4-META/
PMDM, TCP/MCPM and PLR. The errors represent 95% C.I of the mean (n-6). b) Factorial
analysis of series one formulations. al is 4-META / PMDM, a2 CaP (MCPM / TCP,40 or 10 wt
%) and a3 is PLR.
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e Series two formulations
The average series one BFS for 4-META and HEMA formulations with 10 and 40 wt % CaP
and different TCP particles size are given in Figure 11-2 (a). Data from this figure showed
that the strength decreased on average by ~ 29 MPa on raising CaP wt %. The factorial
analysis indicates the effect of the TCP particle size (a2) is small and 4-META versus HEMA
(a3) is negligible. Furthermore, there were clearly no experimentally significant interaction

effects between any of the variables (Figure 11-2 b).
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Figure 11-5: a) Biaxial flexure strength of series two formulation with variables 4AMETA/
HEMA, CaP (TCP/MCPM) and TCP particles size. b) Factorial analysis of series two
formulations. al is CaP (MCPM / TCP,40 or 10 wt %), a2 TCP size and a3 4-META / HEMA is
PLR. The errors represent 95% C.I of the mean (n-6).
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11.3.1.2. Push out Adhesion test

e Series three formulations

The push out test for series three results are provided in Figure 11-3 a. it can be seen that the
formulations with 4-META shows better adhesion as compared to HEMA formulations. High
level of CaP 40 wt % increases the debonding stress by ~ 61 MPa as compared to low level
CaP 10 wt %. The most significant result was the effect of acid etching with 37 % phosphoric

acid for 20 s. Factorial analysis (Figure 11-3 b) indicated significant effects for all three

variables.
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Figure 11-6: a) Push out stress for series three formulations with variables 4-META/ HEMA,
CaP (40 and 10 wt %) and etching and non-etchingfor 20 s. b) factorial analysis for series three
formulations al is 4-META / HEMA, a2 is CaP MCPM / TCP (40 or 10 wt %) and a3 is
etching / non-etching phosphoric acid . The error bars showing 95 % confidence interval ( n=3).
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e Series four formulations
The push out test results for series four in Figure 11-4 a shows that the formulations with
high CaP have higher bond strengths to ivory dentine as compared to formulations with low
CaP. The factorial analysis in Figure 11-4 b indicated significant effect for 4-META versus
PMDM (al) and CaP levels as the error bar dose not cross zero. However, the effects of
etching time for 20 and 120 s (a3) was smaller than the 95 % C.1 error bar. Furthermore, there

were clearly no experimentally significant interaction effects between any of the variables.
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Figure 11-7: Push out stress for four formulations with AMETA/ PMDM, CaP ( 40 or 10 wt %)
and etching with 37 % phosphoric acid for 20 s and 120s. b) Factorial analysis of series four
formulations al 4-META/PMDM, a2 CaP wt % and a3 etching with 37 % phosphoric acid for
20 sand 120s. The errors represent 95% C.I of the mean (n=3).

214



11.2. Appendix 2

Effect of PLR (3:10r 4:1) on push out test for control formulation with
4-META

11.2.1.1. Methods

The 4-META control experimental formulations contain the same monomer as in the main
thesis above and contained solely glass particles in the filler phase. The powder to liquid ratio

was 3:1 or 4:1 by weight.

11.2.1.2. Result

The average push out stress for 4-META control formulation with PLR 3:1 or 4:1 and dry
ivory dentine are shown in Figure 7-5. The push out stress was on average 42 % higher than

with formulation with PLR 3:1 compared to 4:1.
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Figure 11-8: push out stress for control formulation with 4-META, PLR 3:1or4:1 and etching
with phosphoric acid for 20s or no-etching. The errors represent 95 % C.I of the mean.
(n=3).
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11.3. Appendix 3

Effect of different diluent and co-initiators on push out test

11.3.1.1.  Methods

The control experimental formulations containing UDMA: PPGDMA or TEGDMA 68: 25 by
weight were assessed. To this was added, 4-META (5 wt %) monomers and CQ and
NTGGMA or DMPT (each 1 wt %) as initiator and co-initiator. Control formulations
contained solely glass particles in the filler phase. The powder to liquid ratio was 3:1 by

weight. The sample was prepared as mentioned in material and methods chapter.

11.3.1.2. Result

The average push out stress for 4-META control formulation with PPGDMA or TEGDMA
and NTGGMA or DMPT dry ivory dentine are shown in Figure 7-6. The push out stress for
formulation with PPGDMA and NTGGMA was on average 40 and 33 % higher than with
formulation with TEGDMA and DMPT with and without acid etching respectively. of dry
ivory dentine. The formulation with PPGDMA and NTGGMA had the highest push out stress

with and without acid etching of 49 and 33 MPa respectively.
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Figure 11-9: push out stress for control formulation with 4-META, PPGDMA or TEGDMA, NTGGMA
or DMPT and etching with phosphoric acid for 20s or no-etching. The errors represent 95 % C.1
of the mean. (n=3).
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11.4. Appendix 4

hd

T -
S0t Queens Warehouse
UK Bm Custom House

Nettieton Road
Agoncy Heathrow Airport

Middlesex

TWE 2LA
Dr Laurent Bozec Tel +44 (0)203-014-5722
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Date: 10" July 2012

Ref: 08/2012

Dear Dr Bozec,

In response 1o your request we are prepared 10 loan to you, as pan of those museums,
conversation groups, scientific and educational bodies approved by U.K Border Agency,
specimens of seized goods, under the Convention on International Trade in Endangered
Species (CITES), the items listed overleaf.

There are a number of conditions: (a) The articles may only be used for research,
experimentation, educational or identification training purposes and in exhibitions publicizing
the requirements of CITES controls; (b) It is desirable that the goods are labeled as seizures
by U.K Border Agency; (c) The articles must be kept securely;(d) The articles are accepted
on the understanding that the Department has no responsibility for any Health and Safety
matters relating to them; (e) The articles must not be disposed of without the agreement of
this Department and/or returned to the Department upon request.

If you are willii
and return it to

to agree to the above conditions please sign the enclosed copy letter
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A list of the articles you have requested and we are able to supply is attached. Please sign
the copy as a receipt and retum it to me when you have received the items.

Yours sincerely

Mo

Afia' Hameed.
Officer
AR ED
By U.K Border Agency
These articles have been primarily donated for the purposes
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